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ABSTRACT

HOW IMPORTANT IS LAND-BASED FORAGING TO POLAR BEARS (URSUS MARITIMUS) DURING
THE ICE-FREE SEASON IN WESTERN HUDSON BAY? AN EXAMINATION OF DIETARY SHIFTS,
COMPOSITIONAL PATTERNS, BEHAVIORAL OBSERVATIONS AND ENERGETIC CONTRIBUTIONS.
by
Linda J. Gormezano

Adviser: Robert F. Rockwell
Trophic mismatches between predators and their prey are increasing as climate change causes
decoupling of phenological relationships. Predators linked to the life histories of a particular prey will
have a more difficult time persisting through environmental change unless they can alter their behavior to
maintain the historical match or possess the ability to pursue alternate prey. Arctic predators typically
possess flexible foraging strategies to survive in the labile environment, however, quantifying the limits of
those strategies can be difficult when life history information is incomplete. In such cases, piecing
together different aspects of a predator’s foraging behavior, particularly when environmental effects are
thought to induce the most nutritional stress, can serve as a basis to understand the species’ resiliency in
response to climate changes.
Climate change is impacting the Hudson Bay region faster than any other portion of Arctic North
America. As a consequence, polar bears (Ursus maritimus) in western Hudson Bay, near the southern
extent of their range, are already experiencing a phenological mismatch with their primary prey, ringed
seals (Phoca hispida). These polar bears have relied on the energy stores amassed from hunting seal
pups in spring to sustain them through the ice-free season on land for 4-5 months. As climate change
causes the ice in Hudson Bay to melt earlier in spring, polar bears are projected to have less time to hunt
seal pups on the sea ice, leaving them with smaller energy reserves to sustain them for longer periods on
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land. As a result, body condition is expected to deteriorate, leading to eventual declines in reproduction
and survival, unless alternative energy sources are utilized.
Polar bears currently hunt and consume a variety of foods during the ice-free season. Few believe,
however, that such foraging will compensate for projected energy deficits from lost seal hunting
opportunities. This skepticism stems from the perceptions that polar bears are specially adapted to
hunting seals on the ice, the behavior has always occurred, but only a few polar bears partake in it,
breath-based carbon-isotope analyses suggest that energy expended on land is solely of marine (i.e.,
seal) origin, pursuing animals on land would be too energetically expensive for polar bears to experience
any net gain and there is not enough energy in land-based food to compensate all polar bears in western
Hudson Bay for the energy available from seals on the ice.
Many of these arguments are premised on the idea that past (and even present) foraging behaviors
are representative of how polar bears will respond to future climate-related changes. Alternatively, the
past behaviors may have represented optimal foraging strategies when seals were relatively abundant
and easy to catch. Rather than tie the polar bears’ fate directly to deteriorating ice conditions and thus
availability of a single prey, I consider a more mechanistic approach to evaluating polar bears’ reaction to
climate changes. In light of the shared genetic legacy with grizzly bears, I analyze different aspects of
polar bears’ current foraging behavior, as well as known physiological and energetic constraints, to
consider an alternative future scenario by which polar bears might persist consuming land-based food
during the ice-free season. I explore different aspects of land-based foraging and address
aforementioned concerns regarding the potential value of terrestrial foods in a series of interrelated
chapters.
In the first chapter, I develop a comprehensive inventory of foods polar bears currently consume on
land and compare them to those consumed approximately 40 years earlier, prior to the onset of climate
changes, using morphological scat analysis. Changes in the polar bear diet between time periods are
compared to changes in availability of specific prey items in the region (Chapter 1) as well as where and
when they currently occur most abundantly in the landscape (Chapter 2). Based on compositional
patterns, I explore the extent of diet mixing and its implications for weight gain (or rate of weight loss,
Chapter 2). In addition to long-term changes in abundance that have made Lesser Snow Geese (Chen
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caerulescens caerulescens) more available since the 1960s, temporal shifts in their incubation period and
earlier ice-breakup is creating a new trophic match between arriving polar bears and eggs. The potential
energy available from this increasingly accessible resource and its implications for energy compensation
are discussed in Chapter 3. In Chapter 4, I provide total energy values for populations of novel animal
foods (snow geese, eggs, caribou (Rangifer tarandus)) and vegetation (berries, Lyme grass seed heads
(Leymus arenarius)) that polar bears consume on land and determine what amounts of each, alone or in
combination, would prevent adult males from starving to death as the ice-free season expands to a 180
days as predicted by Molnár et al. (2010). In Chapter 5, I reexamine available data on the energetic costs
of locomotion at different speeds, develop a new predictive model and challenge past assertions by Lunn
and Stirling (1985) that energetic inefficiencies would prevent a polar bear from profiting after a sustained
chase. In Chapter 6, I present unpublished observations of polar bears foraging from land and in open
water from the Hudson Bay Project archives and my personal observations. I describe different
evolutionary pathways for the observed behavior in light of their recent divergence from grizzly bears and
the implications of each for future polar bear persistence.
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CHAPTER 1

CURRENT LAND-BASED POLAR BEAR (URSUS MARITIMUS) DIET AND DIETARY SHIFTS SINCE
THE 1960s

A modified version of the chapter is published as: Gormezano, L.J., Rockwell, R.F. 2013. What to eat
now? Shifts in polar bear diet during the ice-free season in western Hudson Bay. Ecology and Evolution
3(10):3509-3523, doi:10.1002/ece3.740
Text extracts, figures and tables, reproduced by permission from the Publishers.
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ABSTRACT
Under current climate trends, spring ice breakup in Hudson Bay is advancing rapidly, leaving polar
bears (Ursus maritimus) less time to hunt seals during the spring when they accumulate the majority of
their annual fat reserves. For this reason, terrestrial foods that polar bears consume during the ice-free
season may become increasingly important in alleviating nutritional stress from lost seal hunting
opportunities. Defining how the terrestrial diet might have changed since the onset of rapid climate
change is an important step in understanding how polar bears may be reacting to climate change. We
characterized the current terrestrial diet of polar bears in western Hudson Bay by evaluating the contents
of passively sampled scat and comparing it to a similar study conducted 40 years ago. While the two
terrestrial diets broadly overlap, polar bears currently appear to be exploiting increasingly abundant
resources such as caribou (Rangifer tarandus; Fig. 1) and snow geese (Chen caerulescens
caerulescens) and newly available resources such as eggs. This opportunistic shift is similar to the diet
mixing strategy common among other Arctic predators and bear species. We discuss whether the
observed diet shift is solely a response to a nutritional stress or is an expression of plastic foraging
behavior.

Key Words: climate change, diet, feces, polar bears, scat, Ursus maritimus, terrestrial, western Hudson
Bay
* Correspondent: ljgorm@amnh.org
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INTRODUCTION
Polar bears (Ursus maritimus) are the most carnivorous of the Ursids, feeding primarily on ringed
seals (Phoca hispida) and less frequently on bearded seals (Erignathus barbatus) and other marine
mammals while sea ice is available for hunting (Stirling and Archibald 1977; Thiemann et al. 2008). Most
of this foraging occurs in spring when polar bears accrete the majority of their fat reserves from ringed
seals and their newborn pups (Stirling and Øritsland 1995). The ice in western Hudson Bay melts
completely by mid- to late July forcing the bears ashore without easy access to their primary prey until
freeze-up the following fall (Gagnon and Gough 2005). While ashore, polar bears are in a negative
energy balance (Derocher et al. 1993), reportedly surviving primarily on their fat reserves although
supplementary, terrestrial foods are also consumed when available (e.g., Lunn and Stirling 1985;
Derocher et al 2013). This period onshore is projected to increase as warming trends keep Hudson Bay
ice-free for progressively longer periods each year (e.g., Stirling and Parkinson 2006). Surviving these
extended periods on land without access to seals is believed to be critical to the persistence of polar
bears in western Hudson Bay (Molnár et al. 2010).
Polar bears are known to consume various types of terrestrial and marine foods during the ice-free
period (hereafter terrestrial or land-based foods). Items reported include: marine algae (Harrington 1965),
grasses (Koettlitz 1898), berries (Russell 1975), fish (Dyck and Romberg 2007), small mammals
(Pedersen 1966; Russell 1975), caribou (Rangifer tarandus) (Derocher et al. 2000), seals (Russell 1975),
various species of waterfowl and their eggs (e.g., Drent and Prop 2008; Rockwell and Gormezano 2009;
Stempniewicz 1993) and willow ptarmigan (Lagopus lagopus) (Miller and Woolridge 1983).
Despite these observations, some of which date back to the late 1800s (Koettlitz 1898), polar bears
are often referred to as “fasting” while ashore (e.g., Amstrup et al. 2007; Molnár et al. 2010; Robbins et al.
2012). Although the term may apply to some polar bears, extension to the majority of the western
Hudson Bay population seems inappropriate given multiple observations to the contrary (see above) and
the inherent limitations of behavioral and physiological studies (Ramsay and Hobson 1991; Hobson et al.
2009, Knudsen 1978; Latour 1981) often used to justify the term’s use. For example, observational
studies may only offer a snapshot of behavior for discrete periods (Knudsen 1978; Latour 1981) and
coastal or inland sampling may preclude certain demographic groups because they tend to spatially

4
segregate once ashore (Derocher and Stirling 1990; Latour 1981). Physiological studies, such as stable
carbon isotopes and fatty acid signatures offer a more integrated assessment of the diet but are fraught
with inconsistencies. For example, stable carbon isotopes can give variable results depending on the
tissue examined (Ramsay and Hobson 1991, Hobson et al. 2009) and the mixing of marine and terrestrial
signatures of foods polar bears commonly consume on land (e.g., marine algae, waterfowl feeding in salt
marshes; McMillan et al. 1980; Hobson et al. 2011). Fatty acid signatures can vary by individual
depending on differential accumulations and deficits (Pond et al. 1992, Grahl-Nielsen et al. 2003).
The direct analysis of passively sampled scat offers several advantages for determining dietary
details on the extent and pattern of land-based foraging by polar bears. Scats deposited reflect foods
consumed over longer spans (i.e., spring, summer or fall), through various diurnal cycles and during
weather changes in which periods of active foraging may fluctuate. Although exact numbers and sexes of
polar bears sampled can not be assessed from scat in the absence of genetic analyses, collection of
scats over a large geographic extent increases the chances of sampling from different sex and age
groups and from different individual polar bears given their tendency to move relatively little once ashore
(Derocher and Stirling 1990; Parks et al. 2006). While exploring the nutritional and energetic value of
terrestrial food is beyond the scope of this paper, we use scat analysis to examine the land-based diet of
polar bears across a large portion of the terrestrial habitat used during the ice-free period in western
Hudson Bay.
Reports of polar bears exploiting land-based prey have become more common in recent years (e.g.,
Derocher et al. 2000; Drent and Prop 2008; Rockwell and Gormezano 2009; Iles et al. 2013). For
example, consumption of eggs and young from nesting colonies of waterfowl across the Arctic is
increasingly pervasive and predation on larger land mammals, such as caribou, has been reported
(Derocher et al. 2000). Although categorized as specialists that primarily hunt seals on the ice (Amstrup
et al. 2007; Derocher et al. 2004), polar bears have been observed walking, running and even climbing
cliffs (Smith et al. 2010) on land to pursue alternate prey. Like other bear species, polar bears may well
be opportunists, pursuing the most readily available food source (Beckmann and Berger 2003; Lunn and
Stirling 1985; Thiemann et al. 2008). It is unclear whether exploiting these alternate foods (behavioral
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shifts) is mainly a response to nutritional stress or simply a typical Ursid response to a changing food
supply.
To better understand how polar bears may be reacting to climate change or other environmental
factors, we first created a comprehensive inventory of the current polar bear diet across their terrestrial
range in western Hudson Bay by analyzing passively collected scat. Second, to identify any dietary shifts
during the ice-free season that may have occurred since the recent onset of rapid climate changes we
compared our data to a similar scat-based diet study performed in the Hudson Bay Lowlands 40 years
earlier by Russell (1975). In parallel with this comparison, we compared the average 50% breakup dates
during this and Russell’s diet study as an index of climate-related environmental change between the two
time periods. Finally, we explore other possible bases for the observed shifts in land-based foraging we
document and discuss the implications they have for polar bears’ ability to persist in the face of reduced
ice conditions that limit their time to hunt seals.
MATERIALS AND METHODS
Study Area
Scat sampling occurred along 160 km of coastline and adjacent inland areas of what is now termed
the Cape Churchill Peninsula (Rockwell et al. 2011) where polar bears are known to occur during the icefree period in western Hudson Bay (Derocher and Stirling 1990). Coastal areas within the study area
extended from the town of Churchill, Manitoba (58°46’N, 94°12’W), east to Cape Churchill (58°47’N,
93°15’W) and south to Rupert Creek (57°50’N, 92°44’W). We also collected samples from 6 separate
denning areas southeast of Churchill and inland of the coastline to 93°51W’ (Fig. 2). By including both
coastal and inland denning habitat we can provide a more complete inventory of the land-based diet of all
demographic groups that differentially use this region (Derocher and Stirling 1990; Latour 1981).
The coastline south of Cape Churchill is largely flat with poor drainage, characterized by salt marsh
interspersed, as one moves inland, with successively older relict beach ridges that run parallel to the
coast (Dredge 1992). The vegetation along that section of coastline, as well as the better-drained
coastline from Churchill to Cape Churchill, is dominated by sedges (i.e., Carex spp.), grasses (e.g.,
Puccinellia phryganodes, Dupontia fisheri) and herbs (e.g., Primula egaliksensis, Parnassia palustris) with
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interspersed woody shrubs including willow (Salix spp.), birch (Betula glandulosa) and Rhododendron
lapponicum (Ritchie 1960).
The inland denning sites and the more inland areas near Churchill, Manitoba, are in the ecotone
between boreal forest and low Arctic tundra. The area is a mosaic of vegetation communities including
open canopies of white spruce (Picea glauca), black spruce (P. mariana) and tamarack (Larix laricina).
Forested areas are interspersed with sedge meadows (primarily Carex aquatilis), upland lichen-heaths
bogs with Vaccinium uliginosum, Cladina rangiferina and Sphagnum spp. and fens with shrubby
vegetation such as willow and birch (Ritchie 1960). Polar bear dens are often dug into frozen peat banks
of rivers or lakes at the base of black spruce trees or beneath permafrost hummocks (Clark et al. 1997).
Onshore movement of polar bears in western Hudson Bay coincides with the breakup of sea ice and
an algorithm based on 50% spring ice cover has often been used as a reliable predictor of arrival date
(Stirling and Parkinson 2006). Using that approach, Lunn (2008) predicted polar bears arrived onshore
shortly after 24 June, 22 June and 28 June in 2006, 2007 and 2008, respectively. We used 24 June, the
mean breakup date, as an index of current environmental conditions and compared it to the mean
breakup date during Russell’s (1975) study as a means to compare dietary differences coincident with
changes in environmental conditions. From Lunn (2008) we used the earliest 5 year period in that data
set (1971-1975) and projected the mean breakup date for 1968-1969 using a linear relationship
previously developed by Rockwell and Gormezano (2009).
Fecal Collection
Fecal piles were found using a trained detection dog along 31 linear coastal transects and in the
vicinity of inland dens in the 6 denning areas from 2006 through 2008. The numbers of scats collected
each year was not fixed a priori. Transects were 1-3 kilometers long and were parallel to the coastline.
Coastal transects between the town of Churchill, Manitoba and the White Whale River were walked
between 25 May and 7 August and coastal transects from Cape Churchill to Rupert Creek were walked
between 14 July and 11 August. Upland habitat in the vicinity of inland dens was searched between 30
May and 17 June. The collection team was transported to and from all collecting sites by helicopter
(except those accessible by truck near Churchill) and the team consisted of the coauthors, the detection
dog and, when possible, an additional armed polar bear warden.
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Intact scat piles were placed in plastic bags and stored frozen at -20ºC until analyzed. Date,
geographic coordinates, substrate and relative freshness were recorded for each sample. Intact piles of
all ages were collected. Scat piles were often found to be clumped along a transect or near a denning
site. To reduce potential bias resulting from multiple scat piles being deposited by a single individual, we
did not use all of the samples collected from clumped points along each of our 31 transects for these diet
analyses. We also subsampled across the entire collection so that the scat piles analyzed for diet were
representative of the relative frequencies and geographic extent of the sampled areas. Though the actual
number of polar bears depositing the sampled scats is unknown, we assume from the size and
geographic extent of our sampling and the facts that once ashore polar bears segregate and move little
once ashore (Derocher and Stirling 1990; Parks et al. 2006) that our samples are representative of the
land-based diet of those polar bears that do forage on the Cape Churchill Peninsula during the ice-free
period.
Fecal Analysis
Entire scats were defrosted, broken apart and examined for plant and animal remains using flamesterilized forceps. To preserve specimens for future genetic tests to identify individual bears, we did not
use washing techniques (e.g., Hewitt and Robbins 1996; Russell 1971). Multiple bone, hair and feather
samples believed to represent individual prey animals were removed from each pile. These specimens
were cleaned by soaking and gently rubbing in a bowl with water and mild soap and assigned to species
or the finest taxonomic level possible. Taxonomic determinations were made independently from each
hair, bone and feather specimen in the same pile to minimize assignment bias because animals of
different species were often found in the same pile. Unique plant items were removed from scats and
also identified to the lowest taxonomic level. Garbage constituted all items from anthropogenic sources
(e.g., plastic, paper, apples). We considered food items (other than polar bear, see below) to occur in a
scat if any amount of that food item, regardless of volume, was present. For consistency, all analyses
were performed by the lead author.
Based on the morphology of bone fragments, the type and source taxa were identified using museum
skeletons, reference keys (Post 2005, Wolniewicz 2001; Wolniewicz 2004) and expert opinion (N. Duncan
and A. Rodriguez, pers. comm.). If specimens could not be identified beyond ‘bird’ or ‘mammal’ they
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were marked as ‘indeterminable’ and only included in statistical analyses where the pooled, higher
taxonomic groups (i.e., birds, mammals) were used. Bones classified no finer than ‘animal’ were only
included in summary statistics of major food categories (e.g., vegetation, animals).
Hairs were identified where possible by comparison to a reference collection (obtained from
harvested animals in the study area) using morphological features such as color, pattern, length and
texture. Hairs that could not be identified this way were mounted on 3x1” glass slides with Flo-Texx

®

mounting medium (Lerner Laboratories, Delray Beach, Florida), covered with 22mm glass slide covers
and examined under 10, 20 and 40X magnification with a compound light microscope. Cuticle scale
patterns and the shape and presence of the medulla were compared to the reference collection, museum
specimens and a key (Brunner and Coman 1974). Lack of observable structural differences for some
samples limited identification to genus (e.g., Lepus spp.), family (e.g., Phocidae, Cricetidae), or order
(e.g., Cetacea). Unidentifiable hairs were classified as belonging to ‘indeterminable mammals’. Most
scats contained polar bear hair which was likely ingested during grooming. Evidence of cannibalism,
however, was distinguished from grooming by the larger volume of hair, presence of flesh, bone and a
distinct smell.
Bird feathers from scat were identified by comparing shape, size and color patterns with museum
specimens. We also used barbule node patterns of feathers of unknown birds, in comparison with
reference slides and published guides, to make taxonomic identification (Dove and Agreda 2007; C. Dove
pers. comm.). Downy barbs from the plumulaceous region were removed from both sides of the vanes
with forceps, elongated and mounted in a similar manner to hairs. The presence, position and density of
nodes on barbules viewed at 10-40x magnification using a compound light microscope were used to
identify birds to the lowest taxonomic level.
In addition to these morphological characteristics, we used knowledge of which birds overlap polar
bears onshore in western Hudson Bay in making some final taxonomic determinations (Rockwell et al.
2009). For example, individual feathers and node patterns of Brant and Canada Geese (Branta bernicla
and B. canadensis, respectively) appear similar, but only Canada Geese nest and molt in the region when
polar bears are present and at a time when they are most vulnerable to predation. Consequently,
feathers with a morphological match to both species were classified as Canada geese.
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Plants and fungi from scats were identified using keys (Johnson 1987; Marles et al. 2000); however,
due to the variety encountered and time constraints, we pooled occurrences of samples into broad
taxonomic groups. These included: marine algae (e.g., Fucus spp., Laminaria spp.), berries (e.g.,
Vaccinium uliginosum, Empetrum nigrum), lichens (e.g., Cladina stellaris), mosses (e.g., Sphagnum
fuscum) and mushrooms (Lycoperdon and Bovista spp.). Due to the high occurrence of Lyme grass
(Leymus arenarius) shafts and their protein rich seed heads (Facciola 1998) in scat and observations of
bears targeting just seed heads (Gormezano and Rockwell 2013) that emerge in July (Johnson 1987), we
separated ‘Lyme grass’ (shafts and/or seed heads) and ‘seed heads’ (only seed heads, no shafts) into
different categories for some analyses. We pooled all other grass species, such as Festuca brachyphylla,
into ‘other grasses’. Leaves and stems of shrubs and woody plants (e.g., Salix planifolia, B. glandulosa)
were not quantified in our study because they consistently comprised <1 % of individual scat piles and we
assumed that they were either accidentally ingested or picked up from the substrate during collection.
We compared the contents of polar bear scats to those reported in Russell (1971), who used different
techniques to identify food items. These included soaking previously dried scats, washing them through a
series of screens and examining the contents using both macroscopic and microscopic techniques
(Russell 1971). Russell’s method of washing entire piles may have resulted in identification of more food
items, thus findings of lower frequencies in the current diet may be due to lower consumption of those
foods or missing those foods during examination. Conversely, finding more items in the current diet
would support higher consumption of those foods and be less likely the result of sampling error. Further,
we took advantage of more recent advances in microscopic techniques to identify bird remains that were
not available during Russell’s study (e.g., Dove and Agreda 2007) and which may have contributed to
differences in the number of specific taxa identified between the two studies.
It is worth noting that scat analysis has inherent advantages and limitations that affected both studies
(Reynolds and Aebischer 1991). For example, although scat collections were noninvasive, eliminating
impacts of capture and handling, exact information on individual animals and times of deposition could
only be inferred. Further, due to differential digestion, foods possessing less digestible parts (e.g., fibrous
plants, fur, bone) were easier to identify, and thus may be overrepresented compared to highly digestible
foods (e.g., seal and whale blubber, fish; Best 1985; Hewitt and Robbins 1996).
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Statistical Analysis
We examined the diet of polar bears using 14 inclusive groups of food items with each group having
at least 5 occurrences of all included taxa. These groups were polar bear, seal, caribou, rodents (i.e.,
muskrats (Ondatra zibethicus), meadow voles (Microtus pennsylvanicus), collared or bog lemmings
(Dicrostonyx richardsoni and Synaptomys cooperi)), birds, eggs, Lyme grass shafts, Lyme grass seed
heads, other grasses, marine algae, berries, mosses, mushrooms and garbage. Although the seed
heads of Lyme grass originate from the same plant as the shafts, their occurrences within scat piles are
independent (see below).
Both the (1) raw frequencies (number of times each food item was found) and (2) scat occurrences
(the number of scats with a food item) were used in statistical analyses. We use the percentages of
these (relative to their appropriate sum) for ease of presentation in some cases. The raw frequencies and
the number of scat occurrences are the same value unless multiple items from the same category occur
in a scat pile (i.e., 2 birds in one scat pile). Multiple items were only counted for animals when evidence
was conclusive (e.g., 3 bird feet) and were not counted for plants and fungi. Depending on the analysis,
we conflated food items into inclusive taxonomic groups (e.g., birds versus mammals, animals versus
plants), which allowed us either to reduce problems of small numbers within group sample sizes or to
address broader and more general questions. Because we did not determine digestibility of different
foods, we did not include volumetric measures to infer the energetic contribution of different foods in the
polar bear diet (Reynolds and Aebischer 1991).
Piles of scat often contained more than one food item, reflecting that bears may eat more than one
item at a time or one scat pile may represent multiple feeding sessions. Because we were interested in
the individual items consumed, we used the raw frequencies of items instead of the scat occurrences as
the unit of measure in statistical analyses. To justify this approach, however, we first needed to
determine whether food items occurred independently across scat piles. Using occurrences of pairs of
food items in scat (co-occurrences), we conducted multiple 2 ! 2 log-likelihood chi-square tests (Zar
1999) to evaluate whether the frequencies of individual food items occur independently from all others
across scat piles. Significance of these pair-wise and subsequent multiple comparison tests were
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evaluated using a sequential Bonferroni approach (Holm 1979) to reduce inflation of our overall "–error
rate.
Comparison of diet changes over time
We compared the distribution of food items found in our 642 scat piles sampled from 2006 to 2008 to
those found from 1968 to 1969 in 212 scat piles collected in 3 areas along the west and south coast of
Hudson Bay (Cape Churchill, West Pen Island and Cape Henrietta Maria) by Russell (1971, 1975). He
pooled the data on food items found in the scat over the 3 areas and 41% of his samples were from the
Cape Churchill area, which is common with our study. Although the exact extent of his sampling in the
Cape Churchill area is not clear, it is known that most researchers worked out of the “Cape Churchill
camp” (now referred to as Nester 1), located 14 km south of Cape Churchill. Sampling from the camp
typically covered a 76 km range from the Cape (58°47’N, 93°15’W) to the Broad River (58° 07’N, 92°
51’W; Leo Vergnano pers. comm.). His other sites are south and east. The difference in geographic
coverage leads to an asymmetrical problem for inferences from comparisons between the 2 studies. If
we fail to find one of the food items he reported or find that an item has decreased in frequency, we can
draw inferences regarding changes in food use only by assuming his pooled proportions for particular
food items are representative of the Cape Churchill area. By contrast, however, if we find a new food
item or an increase in the proportion of an item, we can reasonably conclude that the item is now being
used or being used more in the Cape Churchill area since the 1960s.
We used raw frequencies from both studies in our statistical analyses and percent frequencies and
percent scat occurrences in depicting the results. Raw frequencies for each of Russell’s food items were
obtained from Table 7 (page 30) in Russell (1971) and pooled across volume categories. Because
Russell’s sample sizes were smaller, we combined food items into 9 inclusive groups with each group
having at least 5 occurrences of all included taxa. The groups were mammals, birds (including eggs),
‘Lyme grass’, other grasses, marine algae, berries, mosses, mushrooms and garbage (referred to as
“debris” by Russell). Russell did not separate out parts of the Lyme grass plant so all references to ‘Lyme
grass’ include a composite of shafts and/or seed heads, as it does in our study. Other food items, such
as cetaceans, lagomorphs, insects, marine invertebrates, fish, lichens, club mosses, horsetails, rushes
and sedges, were found in very low frequencies or not specifically classified in either study so were
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excluded from chi-square tests. The data from Russell (Russell 1975; Russell 1971) were collected from
coastal areas while our data were from both coastal and inland areas. Before the comparison with
Russell’s data, we used 2 x 9 log-likelihood chi-square to evaluate differences in the frequencies of 9
major food items between coast and inland areas during our study. Based on the results, we excluded
our inland data from all statistical comparisons with Russell’s data.
Pooling major food groups, we used a 2 x 3 log-likelihood chi-square test to evaluate whether there
was a difference in the proportions of animals, vegetation or garbage consumed by polar bears between
the late 1960s and present. We then compared the proportions and 95% confidence limits to determine
which category was responsible for observed differences. Based on the relationship between the
binomial and F distributions, we calculated exact 95% upper and lower confidence limits for each
proportion and used single and double harmonic interpolation to calculate F critical values for large values
of n (Zar 1999). To determine if there were shifts in the types of foods consumed within these broader
categories, we used a 2 # 9 log-likelihood chi-square test to evaluate whether there were differences in
the frequencies of 9 inclusive food groups (described above) consumed between time periods. Based on
the results of this test, we compared the proportions and 95% confidence limits of food item frequencies
to assess which individual groups differed. For this comparison, we further broke down the ‘mammal’
category into polar bears, seals, rodents and caribou and ‘birds’ was separated into birds and eggs.
Using all animal taxa identified to the finest level possible in either study (including those excluded
from the chi-square analyses, see above) along with the major plant categories described above (with the
addition of lichens), we used a Mann-Whitney test to further compare the two diets. The Mann-Whitney
test is a nonparametric test that uses the degree of variability or dispersion between two groups to
evaluate whether the rank order of the observed frequencies of food items are derived from the same diet
(Zar 1999).
RESULTS
We collected a total of 1,262 scats and analyzed 642 of them; 219, 248 and 175 in 2006, 2007 and
2008, respectively (Table 1). Of these, 593 scats were collected from coastal areas and 49 from inland
areas. Nearly one-third (29.0%) of all scats contained bird and/or egg remains, the majority of which
were snow geese (43.1% of bird remains) and Canada Geese (9.7% of bird remains). Eggs occurred in
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4.4% of scats. The most common mammals were caribou (10.1%), seal (most likely Phoca hispida)
(6.5%) and polar bear (from cannibalism, not grooming) (5.1%), with small mammals (i.e., rodents, Arctic
or snow-shoe hares (Lepus arcticus and L. americanus)) occurring in lower frequencies (<1.0%).
Grasses (61.7%; mainly Lyme grass, 57.0%), and various species of marine algae (46.1%) were the
primary forms of vegetation. Other common food items included mosses, puffball mushrooms, and
berries, occurring in 13.6%, 8.9% and 8.7% of scats, respectively.
No pairs of food items in scat piles showed significant patterns of co-occurrence at our adjusted alpha
error level and we therefore consider food items to occur independently in scats. This lack of cooccurrence justifies the use of the raw frequencies of food items as a unit of measure in subsequent
statistical tests rather than the number of scats containing each item. Perhaps not surprisingly, marine
algae and berries were observed together less often than expected (G = 6.31, d.f. = 1, P = 0.013)
although the result did not reach the adjusted alpha level (14 tests; " = 0.0035) required to avoid error
inflation.
Comparison of diet changes over time
We compared 593 scats (1,237 occurrences) of our coastal data with 212 scats (528 occurrences)
from Russell’s study to examine polar bear diet changes over time. We found a shift in the frequencies of
major food categories (animals, vegetation, garbage) (G = 25.54, d.f. = 2, P < 0.0001). This result was
due to a larger proportion of animals (! = 27.32, CI = 25.13-29.18 vs. ! = 23.48, CI = 20.00-27.16) and
less garbage (! = 3.23, CI: 2.11-4.61 vs. !! = 9.09, CI: 6.05-12.58) in scats in our study compared to
Russell’s study (Fig. 3a). Within these major food categories, there were differences in the frequencies of
9 major food items (birds, mammals, lyme grass, other grasses, marine algae, berries, mushrooms, moss
and garbage; G = 130.31, d.f. = 8, P < 0.0001). The two diets (historic versus current) also differ in the
rank order of items (Mann-Whitney Test: U = 317; P = 0.015).
Among animals, rodents occurred considerably more frequently in Russell’s study (! = 7.95, CI =
5.80-10.59) than in ours (! = 0.65, CI = 0.28-1.27), but we observed more polar bear remains (! = 2.59,
CI = 1.48-3.63 vs. !! = 0.38, CI = 0.05-1.36). Russell did not detect any caribou, whereas caribou was the
most common mammal found in our study (! = 4.69, CI = 3.58-6.02). There was no significant difference
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in the frequencies of seals or birds, but we found eggs in scats (! = 2.18, CI = 1.44-3.16), whereas
Russell did not (Fig. 3b).
Observed differences in vegetation were due to higher proportions of ‘Lyme grass’ (! = 28.54, CI =
26.35-30.40 vs. !! = 16.48, CI = 13.46-19.90) and mushrooms (! = 4.53, CI = 3.44-5.85 vs. !! = 0.76, CI =
0.21-1.93), but lower proportions of other grasses (! = 4.61, CI = 3.51-5.93 vs. !! = 15.72, CI = 12.7519.09) and marine algae (! = 23.77, CI = 21.57-25.59 vs. !! = 28.41, CI = 24.70-32.18) observed in our
study. There were no significant differences in the proportions of berries and mosses (Fig. 3c). These
data are summarized as both percent frequencies and percent scat occurrences for comparison in Table
2.
Coincident with these dietary changes, we estimated the mean breakup date during Russell’s study
(1968-1968) to have been 17 July, which is 22 days later than the mean breakup date for this study
(2006-2008).
DISCUSSION
If the trend toward earlier spring ice breakup in Hudson Bay continues, polar bears will spend more
time onshore during summer, making any foods consumed during this period increasingly important for
the bears’ persistence. Their current land-based diet is diverse, consisting of many plants and animals,
often consumed together in various combinations. Numerous scats were collected across the entire
Cape Churchill Peninsula, from both coastal and inland areas. Given the spatial extent of our sampling
and, the propensity for bears to segregate (Derocher and Stirling 1990; Latour 1981) and to move
relatively little once ashore (Parks et al. 2006), we assume our results reasonably reflect the land-based
diet of those polar bears that do forage on the Cape Churchill Peninsula during the ice-free period.
Consistent with behavioral observations we have made (Iles et al. 2013, Chapter 6) and foraging reports
by others (e.g., Dyck and Romberg 2007, Smith et al. 2010) it appears that a number of polar bears do
not abstain from eating during the ice-free period. Continued use of the term ‘fasting’ to describe the
behavior of polar bears in general during this period (e.g., Stirling and Derocher 2012) seems rather
misleading.
Many foods polar bears are consuming have not changed since the 1960s on the Cape Churchill
Peninsula but we did find new foods and marked changes in the frequency of others. The overall

15
proportion of animals in the diet has increased, whereas the proportion of vegetation has not changed.
Caribou and eggs are now present in the diet, the proportion of polar bear remains has increased and
that of small mammals has decreased. We also identified more species of birds (11 vs. 1), the majority of
which were lesser snow geese. Most scats contained at least one type of vegetation and there were only
minor shifts in the types consumed. We also found less garbage in scats than was found in the 1960s
(Russell 1975). In the following, we discuss various habitat and environmental changes that occurred
during the ensuing 40 years coincident with observed diet changes, including a 22 day advance in the
date of sea ice breakup and the closing of the Churchill dump.
Russell did not report caribou or snow geese in polar bear fecal samples collected along the coast of
the Hudson Bay Lowlands. In the 1960s, fewer than a hundred caribou were estimated for the population
north of the Nelson River (C. Jonkel, S. Kearney, pers. comm.) and sparse groups of <50 animals were
counted further south (Abraham and Thompson 1998). Caribou numbers have been increasing steadily
(30 to 50 fold) since (Williams and Heard 1986; C. Jonkel, S. Kearney, R. Brook, pers. comm.) while the
animals are also expanding their summer range toward the coast (Abraham and Thompson 1998), thus
increasing potential interactions with arriving bears (Fig. 1). Similarly, snow goose abundance has
increased 5 to 20 fold across the region since the 1960s (Hanson et al. 1972; Kerbes et al. 2006;
Alisauskas et al. 2011) with highest increase and geographic expansion being on the Cape Churchill
Peninsula (Rockwell et al. 2009).
Although the scarcity of snow geese in the region during the 1960s likely explains their absence in
Russell’s study, it is important to note that considerably more (96.2%) of his bird remains were left
unidentified compared to our study (21.6%). This may have been due, in part, to our use of more
stringent bird identification techniques (see Methods). However, all of Russell’s unidentified bird remains
comprised “trace to 5.0%” amounts by volume, whereas only 16.2% of our snow goose remains occurred
in “trace to 5.0%” amounts. The remaining 83.8% of our scats with snow goose comprised an average of
65.0% of a scat pile by volume, with nearly 40% comprising >90% of a pile. Given the size of lesser snow
geese and direct observations of how polar bears consume them (Iles et al. 2013), these larger volumes
seem reasonable and their absence in Russell’s study further suggest that the unidentified bird remains
were likely not snow geese.
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Polar bears seem to have taken advantage of the substantial increase in availability of both caribou
and snow geese (Table 1). During the summer months, when the two species are raising their offspring,
polar bears arriving onshore now regularly overlap herds of caribou and flocks of geese as the bears
travel along the coast and move inland (unpubl. obs.; Iles et al. 2013). The increased co-occurrence of
polar bears and the now plentiful caribou and snow geese facilitate opportunities for both predation as
well as scavenging of kills made by other predators (e.g., wolves, Canis lupus, (Brook and Richardson
2002); grizzly bears, Ursus arctos, (Rockwell et al. 2008). Predation events on other waterfowl species
during incubation or brood-rearing on our study area (Table 1) and elsewhere (e.g., (Drent and Prop
2008; Madsen et al. 1998) suggest that other avian species are similarly vulnerable.
Egg remains occurred in 4.6% of scats we collected along the coast, contrasting with Russell’s (1975)
study that reported no eggs. Earlier observations had documented polar bears eating eggs as part of a
varied diet (e.g., Harrington 1965; Pedersen 1966) or had reported them in the stomachs of harvested
bears (pers. comm. to R. H. Russell 1975). Russell (1975) found egg remains in 5.0% of scats on the
Twin Islands in James Bay, Ontario but concluded that foraging on eggs was likely uncommon because
polar bears were on the ice during the peak periods of hatch. With breakup occurring on average 22
days earlier, however, polar bears are arriving onshore sooner and are overlapping the incubation period
of snow geese, common eiders and other species of waterfowl (Rockwell and Gormezano 2009).
Reports of polar bears consuming eggs of nesting waterfowl have increased across the polar bears’
range (see Drent and Prop 2008; Smith et al. 2010). We also observed polar bears capturing adult birds
(e.g., snow geese, Canada geese, common eiders) guarding their nests in addition to consuming their
eggs. Consistent with our observations, we found that 25% of the scats with egg remains occurred in the
same pile as the remains of adult snow geese.
Although the overall proportion of mammals in our scats has not changed substantially from Russell’s
study (24.6% vs. 32.1% of scats, respectively), we found caribou (above), more polar bear remains and
fewer rodent remains in our samples (Table 2). Assuming the rodent estimates in Russell (1975) are
typical for the Cape Churchill area, the difference in rodents may be due either to our sampling occurring
during 3-5 year cyclic fluctuations (Krebs and Myers 1974) or to declines in peak lemming abundance
thought to be associated with warmer temperatures during fall freeze-up and subsequent high levels of
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precipitation into early winter that drive lemmings to higher ground where they are less protected through
the harsh winter (Scott 1993).
The increased number of scats with polar bear remains relative to the 1960s (Table 2) is consistent
with reported higher rates of cannibalism (i.e., intraspecific predation and/or scavenging). Several
authors have speculated that because of earlier breakup of ice, nutritional stress could lead to increased
intraspecific aggression and cannibalism (e.g., Amstrup et al. 2006; Stirling et al. 2008; Taylor et al.
1985). Recent observations of intraspecific attacks initiated by polar bears in poor condition support this
suggestion (Lunn and Stenhouse 1985; Taylor et al. 1985), but many instances of healthy polar bears
initiating similar attacks have also been reported (Taylor et al. 1985; Derocher and Wiig 1999; Dyck and
Daley 2001; Stirling and Ross 2011). Further, not all polar bears that are killed are consumed,
suggesting that there may be other reasons for this behavior (Taylor et al. 1985; Derocher and Wiig
1999).
Different types of vegetation, particularly grasses and marine algae, were pervasive; occurring in
84.9% of polar bear scat piles and this is similar to observations across the circumpolar range of polar
bears (Koettlitz 1898; Pedersen 1966; Russell 1975). Although the overall proportion of vegetation items
has not changed since the 1960s (67% and 69%), the proportion of Lyme grass has increased while other
grasses have decreased (Table 2). Like other predatory mammals, polar bears might consume
vegetative roughage (e.g., grass stalks, marine algae, moss) as part of self-medicative efforts to reduce
loads of worm parasites (Huffman 2003), to acquire a source of fiber to facilitate bowel movement
(McKeown 1996) or to acquire nutrients that are lacking from animal sources. For example, polar bears
preferentially consume the spikes of Lyme grass (Lunn and Stirling 1985; Russell 1975) that have proteinrich seed heads in early July through late August (Johnson 1987). Lyme grass has occurred along the
entire coast of western Hudson Bay for many years (Jefferies et al. 2006) and unless polar bears are
recently targeting it to fulfill a protein or other dietary need we can offer no firm explanation for its
increased consumption. However, preliminary analyses of plant phenology on the Cape Churchill
Peninsula (Mulder et al. in prep.) suggest that flowering and seed set is advancing although not as fast as
sea ice dissolution. It is thus possible that polar bears are increasingly overlapping the seed heads much
as they are snow goose eggs.
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We also found a higher proportion of scats with mushrooms along the coastal portions of our study
area than Russell (1975) found in the 1960s (Table 2). The two species we identified, Lycoperdon
pyriforme and L. perlatum, occur from July through November along the entire western Hudson Bay
coastline and thrive on driftwood that litters the coastline, fallen trees further inland and soil substrates
across the landscape (McKnight and McKnight 1998). Although Russell (1975) commented that
mushrooms were typically found in low volumes (5-10%) with crowberries and suggested that they were
consumed together at the same site, we found no patterns of co-occurrence of mushrooms with any other
foods. Mushrooms were typically found in volumes of 10% or less, but we also found many (28.1% of
scats with mushrooms) where mushrooms comprised 50% or more of a scat pile. There were 4 scats that
contained only mushrooms, indicating that polar bears may consume them in large quantities when
available, perhaps in attempt to acquire limiting micro-nutrients (e.g., Iversen et al. 2013).
The decrease in proportion of garbage in scats in the current diet may be due to marked changes in
the availability of garbage both near the town of Churchill and in areas further east along the Hudson Bay
coast. In 2005, the town of Churchill closed the landfill, which previously attracted numerous polar bears
(Lunn and Stirling 1985). Garbage was subsequently secured from bears prior to recycling or removal
from the area. Also, rules governing the securing and removal of waste from research camps, including
Nester 1, from which Russell’s Cape Churchill collections were based, became more stringent with the
establishment of Wapusk National Park in 1996 (RF Rockwell, pers. observation). Stored garbage
depots were systematically removed from areas south of Cape Churchill and more effectively secured
from polar bears in subsequent field seasons.
General Considerations
Our data indicate that polar bears are now foraging on increasingly abundant terrestrial prey such as
caribou and snow geese and utilizing novel resources like eggs that have become newly available
through climate-induced shifts in their onshore arrival. These observations, combined with those of other
studies and the diverse patterns of different foods in scats (Gormezano and Rockwell 2013) suggests that
some polar bears are opportunistic omnivores. If this observed foraging renders some present or future
benefit, it may be an example of “diet mixing” (ingestion of multiple species over an animal’s lifetime or
life cycle that differ qualitatively to the consumer) (Singer and Bernays 2003), a foraging strategy shared
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by many predators in Arctic ecosystems (Elmhagen et al. 2000, Samelius and Alisauskas 1999). This
mode of foraging is similar to that observed in other bear species that are known to shift their diet
regularly to exploit both seasonally (e.g., Persson et al. 2001) and newly available resources (Beckmann
and Berger 2003) to meet their nutritional needs. In the closely related brown bear, dramatic differences
in diet have been observed in response to local prey and vegetation abundance (e.g., Hilderbrand et al.
1999), competition (e.g., Gende and Quinn 2004) and environmental change (e.g., Rodríguez et al.
2007).
It is generally agreed that polar bears diverged from brown bears at least 600,000 years ago and
evolved to survive in the specialized Arctic environment (Hailer et al. 2012, Cahill et al. 2013, Weber et al.
2013). One or more hybridization events have likely occurred since then, evidenced by brown bear
mitochondrial DNA having introgressed into polar bear lines (Hailer et al. 2012). It has been suggested
that such events may have helped polar bears persist through multiple interglacial warm phases
(Edwards et al. 2011; Hailer et al. 2012). We suggest that the wide range of foraging behaviors observed
for polar bears, like those present in brown bears, may reflect an inherent plasticity and shared genetic
legacy that was likely retained over time (e.g., Agosta and Klemens 2008; Miller et al. 2012; Weber et al
2013). Among those polar bears foraging, the shifts in the diet that have occurred (and are occurring)
since Russell’s (1975) study may be an innate plastic response to changing prey availability and
exemplify the type of foraging behavior that these polar bears are capable of as climate change reduces
their opportunities to hunt seals. Pending the outcome of current genetic analyses, however, it is yet
unclear how many polar bears are exhibiting this behavior and thus the extent of any benefits that may be
gleaned from it.
There is evidence that body mass and survival of at least some demographic classes of polar bears
has declined coincident with the advancing date of breakup of Hudson Bay sea ice (e.g., Regehr et al.
2007; Stirling and Parkinson 2006). It is suggested that the declines are the result of the bears becoming
increasingly nutritionally stressed and that this may, in turn, lead them to seek alternative food sources
(Regehr et al. 2007; Stirling and Parkinson 2006). While possible, this seems unlikely to be the only
cause of such terrestrial foraging because land-based hunting, scavenging and grazing actually predates
recorded climate-related changes (e.g., Russell 1975; Pedersen 1966).
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Also, polar bears have switched between major prey items in the past when nutritional stress was
likely not a causative factor. For example, Thiemann et al. (2008) found that polar bears switched their
primary consumption from bearded to ringed seals when the abundance of the two species changed in
western Hudson Bay. The switch was independent of the date of ice breakup and they concluded that
polar bears are “! capable of opportunistically altering their foraging to take advantage of locally
abundant prey, or to some degree compensating for a decline in a dominant prey species.” (Thiemann et
al. 2008). Our observations on consumption of increasingly abundant caribou, snow geese and their
eggs are consistent with this assessment. Observations of polar bears coming ashore seeking eggs even
while seals were still available on the ice (Drent and Prop 2008; Madsen et al. 1998) lend additional
support to their prey switching abilities and general plasticity in foraging.
Current threats to the persistence of polar bears in western Hudson Bay are clear as the ice-free
season expands, limiting polar bear access to seals on the ice (e.g., Stirling and Derocher 2012).
However, with a history of adaptive foraging behavior and pursuit of novel prey across their Arctic habitat
(e.g., Dyck and Romberg 2007; Smith et al. 2010), it is unlikely that polar bears will abstain from
exploiting new terrestrial resources solely because they were ignored in the past in favor of more easily
accessible marine prey. Some polar bears currently eat a variety of terrestrial animals and plants during
the ice-free period, taking opportunistic advantage of abundant species. We suggest that research now
focus on determining both the number of polar bears making this shift and the nutritional and energetic
gains associated with this shifting terrestrial diet. Further, these gains must be considered when
modeling future polar bear survival. Shifts in diet composition, even for what may comprise a small
fraction of the annual nutritional and energy budget may become increasingly important for some
individuals in the population as ice conditions worsen (e.g., Dyck and Kebreab 2009; Rockwell and
Gormezano 2009).
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Table 1. The frequencies of food items in 642 polar bear scats from western Hudson Bay 2006-2008.
Data are presented as (1) the number of times each food item was found (raw frequencies), (2) raw
frequencies/total frequencies (n = 1357) of all food items (percent frequencies) and (3) the number of
scats with a food item/total number of scats (percent scat occurrences).

Taxa
Birds
Aves, indeterminable
Anatidae, indeterminable
Anserinae, indeterminable
Anser caerulescens caerulescens
Branta Canadensis
Anatinae, indeterminable
Anas rubripes
Anas crecca
Anas acuta
Merginae
Mergus serrator
Somateria mollissima
Melanitta perspicillata
Galliformes, Lagopus lagopus
Passeriformes, Plectrophenax nivalis
Charadriiformes, indeterminable
Limnodromus griseus
Egg shell/hatching membrane
Aves – total
Mammals
Mammalia, indeterminable
Phocidae
Ursidae, Ursus maritimus
Cervidae, Rangifer tarandus
Cricetidae, indeterminable
Ondatra zibethicus
Microtus pennsylvanicus
Lemmini
Cetacea
Lagomorpha, Lepus spp.
Mammalia – total
Animal (Mammal or Bird), indeterminable
Marine Invertebrates
Asteroidea (sea stars)
Bivalvia, Mytilus edulis
Fish
Insects
Grasses
Leymus arenarius (43 had seed heads)
Other grasses
Grasses – total
Mushrooms

Raw
frequencies*
n
%

Scat occurrences
%

45
14
6
80
18
2
1
1
1

3.3
1.0
0.4
5.9
1.3
0.1
0.1
0.1
0.1

7.0
2.2
0.9
12.5
2.8
0.3
0.2
0.2
0.2

3
2
1
3
1
1
1
28
208

0.2
0.1
0.1
0.2
0.1
0.1
0.1
2.1
15.3

0.5
0.3
0.2
0.5
0.2
0.2
0.2
4.4
29.0

6
42
33
65
3
3
1
1
1
2
157
11

0.4
3.1
2.4
4.8
0.2
0.2
0.1
0.1
0.1
0.1
11.6
0.8

0.9
6.5
5.1
10.1
0.5
0.5
0.2
0.2
0.2
0.3
22.0
1.7

1
4
2
3

0.1
0.3
0.1
0.2

0.2
0.6
0.3
0.5

366
67
433

27.0
4.9
31.9

57.0
10.4
61.7
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Table 1. Continued

Lycoperdon pyriforme or L. perlatum
57
4.2
8.9
Marine algae
296
21.8
46.1
Mosses
87
6.4
13.6
Berries
56
4.1
8.7
Lichens
1
0.1
0.2
Garbage**
41
3.0
6.4
* the number of scat occurrences is excluded because it is the same value as the raw frequencies for all
food items except birds. We were able to identify multiple birds in 7 of 180 (3.9%) scats with birds
** includes apple peel, aluminum foil, cantelope seed, cardboard, corn kernel, chicken bone, cigarette
butt, duct tape, foam rubber, glass, paint chips, paper, plastic, string, tomato seed, watch band and
wood chips/sticks

24
Table 2. Comparison of food items in polar bear scats from coastal areas of western Hudson Bay,
Manitoba, (2006-2008) and Cape Churchill, Cape Henrietta Maria and the west Pen Island (1968-1969).
Data are presented as the percent frequencies of all food items (n = 1237, n = 528) and the percent scat
occurrences (n = 593, n = 212) for the current and past polar bear diet, respectively.
Gormezano and Rockwell
Raw
Scat
frequencies occurrences
n
%
%

Russell (1975)
Raw
Scat
frequencies
occurrences
n
%
%

Aves
Aves – unidentified
Egg shell/hatching membrane
Aves total + eggs

122
43
27
192

9.9
3.5
2.2
15.5

18.0
7.3
4.6
28.8

4
52
0
56

0.8
9.8
0.0
10.6

1.9
24.5
0.0
26.4

Phocidae
Ursidae, Ursus maritimus
Cervidae, Rangifer tarandus
Cricetidae
Mammalia - unidentified
Mammalia - total

42
32
58
8
6
146

3.4
2.6
4.7
0.6
0.5
11.8

7.1
5.4
9.8
1.3
1.0
24.6

20
2
0
42
4
68

3.8
0.4
0.0
8.0
0.7
12.9

9.4
0.9
0.0
21.7
1.9
32.1

353
57
410
294
21
56
78
40

28.5
4.6
33.1
23.8
1.7
4.5
6.3
3.2

59.5
9.6
63.1
49.6
3.5
9.4
13.2
6.7

87
83
170
150
6
4
26
48

16.5
15.7
32.2
28.4
1.1
0.8
4.9
9.1

41.0
39.2
80.2
70.8
2.8
1.9
12.3
17.0

Taxa
Birds

Mammals

Grasses
Leymus arenarius
Other grasses
Grasses - total
Marine algae
Berries
Mushrooms
Mosses
Garbage

25

Figure 1. A polar bear looks up from the recently killed caribou it was eating at Keyask Island
(58.16958°N 92.85194°W) on July 26, 2010. Photograph by RF Rockwell.
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Cape Churchill

Sampling along
coastal transects
White Whale River

Hudson Bay
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Figure
Figure 2. Polar bear scat was collected along the
coast of1western Hudson Bay from the town of
Churchill, Manitoba, to Rupert Creek. Scat was also collected near maternity dens at 6 inland sites.
Collections were made from 2006 through 2008.
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Figure 3. The percent frequencies of some food items found in scat along the Hudson Bay coast differed
between collections made in 1968-1969 and 2006-2008. Analytical 95% confidence intervals are
indicated for each. Note the y-axis scale differences in the depictions for (a) pooled categories (animals,
vegetation and garbage) and individuals (b) animal and (c) plant, fungi and garbage food items.
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CHAPTER 2

COMPOSITIONAL AND SPATIAL PATTERNS IN THE LAND-BASED POLAR BEAR DIET
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composition and spatial patterns of polar bear foraging on land in western Hudson Bay. BMC Ecology
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Abstract
Background
Flexible foraging strategies, such as prey switching, omnivory and food mixing, are key to surviving in a
labile and changing environment. Polar bears (Ursus maritimus) in western Hudson Bay are versatile
predators that use all of these strategies as they seasonally exploit resources across trophic levels.
Climate warming is reducing availability of their ice habitat, especially in spring when polar bears gain
most of their annual fat reserves by consuming seal pups before coming ashore in summer. How polar
bears combine these flexible foraging strategies to obtain and utilize terrestrial food will become
increasingly important in compensating for energy deficits from lost seal hunting opportunities. We
evaluated patterns in the composition of foods in scat to characterize the foraging behaviors that underpin
the diet mixing and omnivory observed in polar bears on land in western Hudson Bay. Specifically, we
measured diet richness, proportions of plant and animal foods, patterns in co-occurrence of foods, spatial
composition and an index of temporal composition.

Results
Scats contained between 1 and 6 foods, with an average of 2.11 (SE = 0.04). Most scats (84.9%)
contained at least one type of plant, but animals (35.4% of scats) and both plants and animals occurring
together (34.4% of scats) were also common. Certain foods, such as Lyme grass seed heads (Leymus
arenarius), berries and marine algae, were consumed in relatively higher proportions, sometimes to the
exclusion of others, both where and when they occurred most abundantly. The predominance of
localized vegetation in scats suggests little movement among habitat types between feeding sessions.
Unlike the case for plants, no spatial patterns were found for animal remains, likely due the animals’ more
vagile and ubiquitous distribution.

Conclusions
Our results suggest that polar bears are foraging opportunistically in a manner consistent with maximizing
intake while minimizing energy expenditure associated with movement. The frequent mixing of plantbased carbohydrate and animal-based protein could suggest use of a strategy that other Ursids employ to
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maximize weight gain. Further, consuming high rates of certain vegetation and land-based animals that
may yield immediate energetic gains could, instead, provide other benefits such as fulfilling
vitamin/mineral requirements, diluting toxins and assessing new foods for potential switching.
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Background
Flexibility in foraging is key to persisting in a labile and changing environment (e.g., [1-4]). Three
common strategies are used by predators to exploit available food in such situations: prey switching,
omnivory and food mixing [5-7]. Prey switching involves shifting between ecologically diverse prey,
seasonally or over an animal’s lifetime in response to the availability or quality of the prey [2,7,8].
Omnivory is defined as foraging on both animal and plant material and can benefit species that are
primarily carnivorous by providing an alternate source of nutrition when preferred animal-based food is in
short supply or not easily obtained [6,9,10]. Food mixing involves ingesting material from different
species either simultaneously or over various intervals of an animal’s lifetime that differ qualitatively to the
consumer [11]. For example, brown bears (Ursus arctos) and Speck's hinge back tortoises (Kinixys
spekii) consume specific combinations of different foods to obtain optimal proportions of macronutrients
[6,12].
Polar bears (Ursus maritimus), especially those that spend portions of the year on land, are versatile
predators and appear to use all of these strategies, as they seasonally exploit food across trophic levels
(e.g., [13-16]). Although the more southern populations of Hudson Bay are pagophilic (ice-loving) for
much of the year, they move to land for a minimum of 4-5 months as the sea ice melts completely by
summer [17]. While on the sea ice, they are mostly carnivorous, feeding primarily on ringed seals (Phoca
hispida) but periodically consuming bearded seals (Erignathus barbatus), harbor seals (Phoca vitulina)
and other marine mammals (e.g., [18]). As these “southern” polar bears move to land, they adopt a more
omnivorous and mixed diet including fruit and other vegetation as well as different varieties of animals
(e.g., [14,16,19]).
Climate change is causing Hudson Bay sea ice to melt earlier in the spring and this increasingly limits
the time polar bears have to hunt seal pups, from which they historically have gained the majority of their
annual fat reserves [17]. These reduced hunting opportunities are believed to have resulted in nutritional
deficits that have been linked to decreases in survival and reproductive output of some demographic
groups [20,21]. Ironically, the earlier melting of sea ice that has resulted in a mismatch with their
traditional spring prey has also produced a new match with land-based prey on the Cape Churchill
Peninsula of western Hudson Bay [22]. Earlier onshore arriving polar bears are now taking advantage of
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lesser snow geese (Chen caerulescens caerulescens) and their eggs as well as caribou (Rangifer
tarandus) from the increasing populations of both species [16,23].
It is possible that, once ashore, switching to these new land-based prey could offset some of the
nutritional deficits incurred by earlier arriving polar bears and mitigate some of the reductions in survival
and reproductive success [16,22,23]. It is more likely, however, that those deficits could be offset if these
resources are combined with other readily available plant and animal land-based resources these polar
bears consume during the ice-free period [23,24]. Such food mixing and omnivory can result in
synergisms that lead to otherwise unexpected nutritional gains (e.g., [12]). Unfortunately, little is known
about the basic foraging patterns that might underpin omnivory and food mixing in polar bears during the
ice-free period [24] and that behavioral perspective is crucial to understanding the potential utility of these
strategies [11]. For example, what foods are consumed over similar time frames and how is that
consumption related to the spatial distribution of those foods?
The range of terrestrial foods sought by polar bears suggests a high level of plasticity in their foraging
behavior which may have always been present (e.g., [25]), but actually might be increasing over time in
response to changing ecological conditions [26]. For example, polar bears have been observed chasing
and capturing lesser snow geese on land [27], climbing rocky outcrops to eat thick-billed murres (Uria
lomvia) and their eggs [28], leaving the ice to consume eggs on land [29,30] and traveling to land or
further inland to consume lower quality vegetation (compared to animals) such as graminoids and berries
[31,32]. Again, however, what is not well known is how regularly these foods occur together in the diet of
polar bears, especially during the ice-free period when the benefits of omnivory and food mixing could
offset nutritional deficits [24].
In this paper, we use data from a large-scale polar bear scat collection on the Cape Churchill
Peninsula of western Hudson Bay to examine patterns in dietary composition and richness within and
between feeding sessions (as defined by the foods present in a scat pile) and how these vary across the
landscape to more fully understand the extent and potential utility of omnivory and food mixing behaviors
on land. Specifically, we examine (1) diet richness to evaluate how many items polar bears generally
consume within foraging sessions; (2) food-specific co-occurrence to see if certain foods are consumed
with fewer accompanying foods compared to other items; (3) degree of omnivory to determine to what
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degree polar bears are consuming different food types (e.g., vegetation, animals) alone or in
combinations; (4) spatial composition to see if polar bears are depositing scats (and likely consuming
foods) where they are most available; and (5) spatial food-specific co-occurrence to see if polar bears
consume fewer accompanying foods when consuming certain foods that occur relatively more frequently
in scats in a particular area. In addition, we use a rough temporal index to compare composition and
food-specific co-occurrence rates in scats collected fresh in mid-summer compared to older “unknown”
age scats to examine foraging patterns limited to that time period.
Methods
Study Area
Scat was collected along 160 km of coastline and inland areas within the Cape Churchill Peninsula
[22] where polar bears are known to occur during the ice-free period in Manitoba, Canada [33]. The
sampling area extended from the town of Churchill, Manitoba (58°46’N, 94°12’W), east to Cape Churchill
(58°47’N, 93°15’W) and south to Rupert Creek (57°50’N, 92°44’W). Samples collected from 6 denning
areas southeast of Churchill extended inland of the coastline to 93°51’W (Figure A1). For site description
details, see Gormezano and Rockwell [16]. During the sampling period, polar bears were predicted to
arrive on land shortly after 24 June, 22 June and 28 June in 2006, 2007 and 2008, respectively, based on
standard calculations for 50% sea ice breakup [34,35].
Scat Collection and Analysis
We used a trained detection dog to find scats along 1-3 kilometer linear coastal transects (parallel to
the coastline) and in the vicinity of inland dens from 2006 through 2008. Coastal transects from the town
of Churchill and Rupert Creek were walked between 25 May and 11 August. Upland habitat in the vicinity
of inland dens was searched between 30 May and 17 June when they were likely to be vacant. For all
scats collected, we recorded the date, geographic coordinates, substrate and relative freshness.
Samples were categorized as either “fresh” (from the current season) or “unknown age” (from the current
or previous season) based on smell, color and presence of insect larvae. Intact scats of all ages were
collected and foods were identified from entire piles. Samples collected prior to the arrival of polar bears
in a given year (see above) were all from a previous season (old) whereas those collected after that date
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were a mixture of fresh and old scats. Because freshness of scats was dependent, in part, on time of
collection, we use the composition of “fresh” samples collected after the bears’ arrival only to identify
foods definitely consumed in mid to late summer (and not previously).
Scats were often found to be clumped along a transect line or near a denning site. To minimize
potential bias resulting from multiple scats being deposited by a single individual, we did not use all of the
samples collected from clumped points along each of our 31 transects for these diet analyses. We
randomly selected approximately 50% of the scats collected from each transect for analysis so that they
would be representative of the relative frequencies and geographic extent of the sampled areas. Though
the actual number of polar bears depositing the sampled scats is unknown, we assume from the size and
geographic extent of our sampling and other studies suggesting that polar bears segregate and move
little once ashore [33] that our samples are representative of the land-based diet of those polar bears that
do forage on the Cape Churchill Peninsula.
Animal remains were identified from entire scats using a combination of microscopy, reference keys
[36-39] and expert opinion (N. Duncan, A. Rodriguez, C. Dove). Plant and fungi were identified using
keys [40,41] but most were subsequently pooled into broad taxonomic categories due to the variety
encountered and time constraints. Identification techniques are described in detail in Gormezano and
Rockwell [16]. Bones, hairs and feathers were identified to the lowest taxonomic level possible but if they
could not be identified beyond ‘bird’ or ‘mammal’ they were only included in statistical analyses where
pooled, higher taxonomic groups (i.e., birds, mammals) were used. Bones classified no finer than
‘animal’ were only included in summary statistics of major food categories (e.g., vegetation, animals).
Polar bear hair was found in most scats and was likely ingested during grooming. We distinguished
evidence of cannibalism from grooming by the larger volume of hair, presence of flesh, bone and a
distinct smell. All food items (other than polar bear) were considered present if they were identified in a
scat pile, regardless of volume.
Statistical Analysis
We examined the diet of polar bears using the: (1) raw frequencies (number of times each food item
was found) and (2) scat occurrences (the number of scats with a food item). We use the percentages of
these (relative to their appropriate sum) for ease of presentation in some cases. Raw frequencies of
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individual food items were found to occur independently in scats, justifying their use in statistical analyses
[16]. The raw frequencies and the scat occurrences are the same value unless multiple items from the
same category occur in a scat pile (i.e., 2 birds in one scat). Multiple items were only counted for animals
when evidence was conclusive (e.g., 3 bird feet) and was not counted for plants and fungi.
Most analyses of spatial and compositional patterns in diet were done using 14 inclusive groups of
food items with each group having at least 5 occurrences of all included taxa. These groups were polar
bear, seal (e.g., Phoca hispida), caribou (Rangifer tarandus), rodents (i.e., muskrats (Ondatra zibethicus),
meadow voles (Microtus pennsylvanicus), collared or bog lemmings (Dicrostonyx richardsoni and
Synaptomys cooperi)), birds, eggs, Lyme grass (Leymus arenarius; shafts and/or seed heads), Lyme
grass seed heads (seed heads only), other grasses (e.g., Festuca brachyphylla), marine algae (e.g.,
Fucus spp., Laminaria spp.), berries (e.g., Vaccinium uliginosum, Empetrum nigrum), mosses (e.g.,
Sphagnum fuscum), mushrooms (Lycoperdon and Bovista spp.) and garbage. Although the Lyme grass
seed heads and shafts come from the same plant, their raw frequencies within scats are independent and
they are treated as separate food items [16].
We tabulated the percent scat occurrences that included at least one food item that was: vegetation,
animal (mammals, birds or eggs) and land-based animal (LBA; i.e., birds, eggs, caribou, rodents) across
all piles. As an index of the complexity of the diet of individual bears, we also calculated the number of
scats containing both vegetation and animal, >1 animal and >1 LBA.
As an additional index of diet complexity, we calculated the minimum, maximum and mean number of
food types per pile using scat occurrences as the unit of measure. Because the “Lyme grass” category
includes both the shafts and/or seed heads, including “Lyme grass seed heads” as a separate category
when scat occurrences are the unit of measure is redundant. For this reason, “Lyme grass seed heads”
was excluded from this analysis (13 groups used). To examine whether complexity differed depending on
the presence of a particular food type, we quantified the scat occurrences of co-occurring food items in
each scat for each of the 14 food categories and plotted their distribution and mean (with standard error)
across all scats. Different animal and plant matter pass through the digestive tract of bears at different
rates [42], so we assumed that the observed combinations reflect foods consumed within a single feeding
session, not necessarily at the same time. We define a ‘feeding session’ as the period between ingesting
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and defecating the undigested remains, which can vary between 6.2 and 19.0 hours based on minimum
digestive rates for vegetation (by grizzly bears) [43] and maximum digestion rates for meat (by polar
bears) [44], respectively.
To examine potential effects of spatial differences in topography, vegetation and local prey
abundance that might affect diet composition, raw frequencies of different food items were compared
across 5 different sections of the study area. Although polar bears are capable of traversing long
distances, they are known to move relatively little on land compared to on the ice [33,45]. We therefore
hypothesized that scats collected from areas with distinct landscape characteristics, such as
anthropogenic land use (e.g., the town of Churchill, tundra vehicle based tourism), concentrations of
known nesting bird colonies, and distinct vegetation clines [46], would contain food items specific to the
areas from which they were collected. For example, we expected to see more garbage where people
reside, more berries inland and more birds in scats in the vicinity of the historical lesser snow goose
(Anser caerulescens caerulescens, henceforth snow goose) and common eider (Somateria mollissima)
colonies near La Pérouse Bay.
Using the raw frequencies of items from the 14 inclusive food groups, we pooled items to major
categories (animal, vegetation or garbage). To evaluate if there was an overall difference in the
proportions of these categories among areas, we used a 5 x 3 log-likelihood chi-square test. For this test,
the 3 food categories were cross-classified against the 5 areas and expectations computed under the
independence assumption as the product of the proportion of scats containing the food category and the
proportion of scats in the area times the total number of scats. The log-likelihood chi-square was used
rather than the chi-square because it is less affected by low cell frequencies [47]. Expectations for
subsequent log-likelihood chi-square analyses were computed in a similar fashion. Because this overall
test was significant (G = 100.27, DF = 8, P < 0.0001), indicating a difference in proportions, we performed
5 x 2 log-likelihood chi-square tests for each food category to identify in which category items varied.
We performed a similar test evaluating differences in the proportions of individual foods (from the 14
inclusive groups) across the study area using a 5 # 14 log-likelihood chi-square test. Because the overall
test was highly significant (G = 376.14, DF = 52, P < 0.0001), indicating differences among the 5 sections
of the study area, we performed 2 # 14 log-likelihood chi-square tests for each of the 5 sections to identify
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which had food items that varied. Significance of these pair-wise tests was evaluated using a sequential
Bonferroni approach [48] to reduce inflation of our overall "–error rate. For the sections in which items
differed, we then compared the proportions and 95% confidence limits of the frequencies of each food
item to identify which ones differed the most.
To test the hypothesis that polar bears would consume certain foods more frequently in a particular
area to the exclusion of others, whether because of preference or availability, we compared the means
and 95% confidence intervals of scat occurrences of co-occurring foods in areas where foods were
consumed more frequently with those from all other areas. We hypothesized that if other foods were
being excluded the mean number of co-occurring foods in those areas would be less than (and outside
the confidence interval of) all other areas. We illustrate our results by plotting the differences between
mean number of co-occurring items among scats containing foods consumed relatively more often in a
particular area and the mean number of co-occurring foods in scats containing these same items in all
other areas. Because we use mean differences, a value of zero equals no difference. Pooled estimates
of variance are used in derivation of confidence limits [47].
Although we could not assign exact age to most scats, it was possible to identify those deposited in
the current season. Because our sampling occurred just as polar bears were arriving ashore, we
assumed that these scats contained foods consumed either on the ice (just before coming ashore) or
shortly after arriving. Using raw frequencies as the unit of measure, we performed a 2 x 3 log-likelihood
chi-square to evaluate whether there were differences in the proportions of major food categories
(animals, vegetation and garbage) between fresh and unknown age scats. We then performed a 2 x 14
log-likelihood chi-square test to assess whether the frequencies of individual foods (within these broad
categories) differed in fresh and unknown age scats. Because the overall test was highly significant
(G = 36.79, DF = 13, P = 0.0004), indicating differences between foods in fresh and unknown age scats,
we compared the proportions and 95% confidence limits of the frequencies of food items to identify which
ones were being consumed and deposited in scat more or less often when polar bears first come ashore.
To evaluate whether polar bears were consuming certain foods at relatively higher rates to the
exclusion of others when they first come ashore, we also compared the mean number and 95%
confidence interval of scat occurrences of co-occurring foods for new and unknown age scats with more

47
frequently consumed items. Results are illustrated using differences and 95% confidence intervals of
mean numbers of co-occurring items in fresh scats containing the more frequently consumed items and
the mean numbers of co-occurring items in unknown age scats containing these same items.
Results
We evaluated 642 scats (of 1,262 collected); 219, 248 and 175 in 2006, 2007 and 2008, respectively.
593 scats were collected from coastal areas and 49 from inland sites. Vegetation and land-based
animals occurred in 84.9% and 35.4% of all scats, respectively. Polar bears that consumed animals
(either land- or marine-based; 45.8% of scats) did not appear to specialize on that particular resource
because we also observed a high co-occurrence of animal and vegetation (34.3%) and multiple animal
taxa (9.3%) in the same scat (Table 1).
There were between 1 and 6 different foods in each scat, with an average of 2.11 (SE = 0.04) items.
The mean number of co-occurring items ranged from 1.21 (SE = 0.19) for Lyme grass seed heads to 2.61
(SE = 0.26) for eggs (Figure 1). The percentage of scats that were found with 0, 1, 2, 3, 4 and >4
accompanying items is also illustrated for each of the 14 food items in Figure 1.
The overall proportions of food categories (animals, vegetation and garbage) differed across the
study area (G = 100.27, DF = 8, P < 0.0001), but this difference was only due to differences in the
proportions of vegetation (G = 39.25, DF = 4, P < 0.0001) and garbage (G = 82.27, DF = 4, P < 0.0001).
The proportions of animals (G = 11.14, DF = 4, P < 0.025) did not significantly differ at our adjusted alpha
level (" =0.0167). Individual food items significantly differed across the study area (G = 376.14, DF = 52,
P < 0.0001). More specifically, area #1 (G = 95.62, DF = 13, P < 0.0001, n = 69 scats), area #2 (G =
55.45, DF = 13, P < 0.0001, n = 71), area #4 (G = 149.49, DF = 13, P < 0.0001, n = 369) and area #5 (G
= 180.58, DF = 13, P < 0.0001, n = 49) each had food items that occurred in different proportions than
expected given total occurrences in all other areas. The proportions for area #3 (G = 25.30, DF = 13, P =
0.021, n = 84) were not significantly different using our adjusted alpha level (" = 0.01).
Within and adjacent to the town of Churchill (area #1, Figure 2), we found scats with more eggs and
garbage. Further east, along the tundra vehicle route, which runs between two temporary camps set up
by tundra vehicle tour operators in the fall (area #2), we found a higher proportion of marine algae and
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garbage (more than areas #3, 4 and 5, but less than area #1). In the stretch of coast south of Cape
Churchill to just north of Rupert Creek (area #4), we found a higher proportion of scats with Lyme grass
shafts and Lyme grass seed heads. Inland areas near dens (area #5) had significantly more berries,
other grasses and less marine algae. No significant differences in proportions were detected along the
coast near La Pérouse Bay (area #3). Proportions of food item frequencies in each area with confidence
limits are summarized in Table 2.
Four of the food items that were found to be spatially in excess of expectation also occurred with
fewer accompanying food items compared to other areas, suggesting the bears consumed foods at
higher rates in these areas and to the exclusion of other foods. This was the case with marine algae (! =
2.02

0.27 vs. !! = 2.61

grass seed heads (! = 2.05
4.00

0.14) in area #2, Lyme grass (! = 2.31
0.38 vs. !! = 3.6

0.14 vs. !! = 2.75

1.42) in area #4, and berries (! = 2.11

0.25) and Lyme
0.34 vs. !! =

1.07) in area #5 (Figure 3A).

A total of 125 fresh scats with a total of 262 occurrences of food items was collected, all found along
the coast. The proportions of foods from major categories (animals, vegetation and garbage) were
significantly different (G = 6.30, DF = 2, P = 0.043) between fresh and unknown age scats due to an
increase in the proportion of animals in fresh scats (G = 4.52, DF = 1, P = 0.0335). The frequencies of
individual food items significantly differed (G = 36.79, DF = 13, P = 0.0004). More specifically, we found a
higher proportion of Lyme grass seed heads (! = 7.25, CI = 4.42-11.12 vs. !! = 2.16, CI = 1.39-3.20) and
lower proportions of marine algae (! = 14.12, CI = 10.14-18.92 vs. !! = 23.35, CI = 20.95-25.36) and
berries (! = 1.91, CI = 0.62-4.40 vs. !! = 4.60, CI = 3.44-6.02) in fresh scats. Of these foods, only marine
algae occurred in piles with significantly fewer accompanying foods in unknown age scats (!= 1.69, CI =
1.56-1.83) than in fresh scats (! = 2.84, CI = 2.45-3.23); and thus were consumed at higher rates to the
exclusion of others later in the season (Figure 3B).
Discussion
Climate-driven environmental changes are forcing polar bears to spend extended periods on land
with smaller seal-based fat reserves. As such, land-based food consumed during this ice-free period may
become increasingly important for survival and reproductive success [16,22]. The compositional and

49
spatial patterns of these land-based foods can inform the extent to which terrestrial foraging may alleviate
nutritional deficits associated with lost seal hunting opportunities. Currently, the polar bear diet on land is
diverse, consisting of many plants and animals, often consumed together in various combinations. Even
though they are consuming a mixed diet, polar bears consume higher rates of specific foods, sometimes
to the exclusion of others, (e.g., Lyme grass seed heads, berries and marine algae) and often deposit
these scats in areas where these foods occur most abundantly, suggesting little movement among habitat
types between feeding sessions. The remains of animal prey were found often in scat but unlike plant
material there was no obvious spatial pattern to their occurrence. In the following, we discuss possible
reasons for the observed dietary patterns, how they may differ between sex and age groups and suggest
potential benefits to polar bears consuming a mixed, omnivorous diet on land.
Foraging on vegetation was pervasive across the study area and certain plants were consumed more
often, especially in areas where they predominated and where polar bears spent substantial time once
they were ashore. Lyme grass, for example, occurs on primary and secondary beach ridges along most
of the coast south of Cape Churchill to the Owl River (Figure 2, area #4) and is used extensively for
temporary beds by arriving polar bears ([33,49], unpublished observations). While lying in these beds,
polar bears consume the entire Lyme grass plant (above ground parts), but will often preferentially
consume just the seed heads [14,49] that mature in early to late July and remain available until late
August [40].
The bears have also been seen walking through these stands of Lyme grass eating just the mature
seed heads (unpublished observations). The relatively high gross energy yield (compared to other
grains) [50], relatively high protein content [51] and convenient access would make these seed heads an
attractive food source to arriving polar bears. It could also explain why many (44.1%) of the “fresh” scats
contained seed heads and occurred with fewer accompanying foods where they were most abundant
along the coast (area #4, Figure 2). They also comprised entire scats more often than any other food we
recorded (39.5%; Figure 1).
Berries and marine algae were, similarly, found in scats more often where they predominated, but
were likely consumed later in summer or early fall. Consistent with an earlier study [52], berry remains in
scats were concentrated further inland, where mainly adult females with and without cubs as well as
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some subadults occur [53]. Berries were consumed more often and to the exclusion of other items, likely
in late summer and early fall when commonly consumed species, such as “blueberries” (alpine bilberry,
Vaccinium uliginosum) and black crowberry (Empetrum nigrum), ripen. During early fall, many polar
bears congregate along the coast east of Churchill, where the landscape is dominated by Larch Fen and
Bogs (area #2, Figure 2) [54], waiting for the ice to refreeze. Here, marine algae are more common than
other vegetation and therefore may be more convenient to consume. Polar bears may also consume
these plants at higher rates later in the season (and not when they first arrive onshore) to consume more
desirable parts that become available in fall [55]. Also, shoreline piles of decaying marine algae often
contain high concentrations of tipulid (cranefly) larvae (unpublished observations), which may attract polar
bears to the plants later in the season when the insect larvae reach maximum size [56]. Reports of polar
bears consuming marine algae in other regions, even when seals were available, have also been
documented [57-60].
Animals, occurring in 45.8% of scats, are commonly consumed by polar bears during the ice-free
period, however, we found no spatial patterns in scats containing them. One reason for this could be that
because passage rates are longer for animals than plants [43,44], so they are moving between habitat
types faster than the time required to defecate animal remains. Although given the small difference in
passage rates (6-12 hours) and limited movements of polar bears on land [33,45], we feel it is more likely
due to the widespread occurrence and/or mobile nature of the land-based animals that polar bears
consume. For example, most of the birds consumed are various species of flightless waterfowl, the most
common of which is lesser snow geese, occurring in 12.5% of scats [16]. Since the 1960s, the population
of snow geese in the Cape Churchill Peninsula has grown nearly 20-fold and expanded its nesting and
brood rearing range from the La Pérouse Bay area to the entire Cape Churchill Peninsula as far south as
Rupert Creek [23,61].
Earlier arriving polar bears have begun to overlap the incubation period of snow geese (and other
waterfowl species) [23], but at present more commonly arrive while young and adult geese are flightless
and dispersing along the coast to forage on graminoids. Similarly, the bears co-occur with caribou,
whose numbers have increased substantially since the 1960s and that have expanded their summer
range closer toward the coast [62], where interactions with arriving polar bears are common (unpublished
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observation). Other prey, such as rodents, are less mobile but are common in upland habitat, occurring
within 5 km from the coast in years when they are abundant [63,64].
Seal, being a preferred food, often occurred alone in scats and with fewer accompanying items.
Although it is unclear whether seals were captured on the sea ice or from land (predation or as carrion),
we observed multiple seal carcass remains on shore while sampling (unpublished observations). Further,
when consumed with other foods, 57.1% of those were either land-based vegetation (i.e., grasses, moss,
mushrooms; 21 of 42 scats) or land-based animals (i.e., birds, eggs; 9 of 42 scats). Others have similarly
reported polar bears consuming seals and land-based food together through inspection of stomach
contents, scat and direct observation [14,16,31,32,60,65]. The purpose of this diet mixing is unclear but
could serve to dilute toxins accumulated in the flesh of seals [6,66,67]. Though capture of seals from the
shore (e.g., seals resting on rocks) or in open water is considered rare [57], it does occur (Figure 4) ([68],
C.J. Jonkel pers. comm.) and may be responsible for some of the seal remains found in our study.
The spatial and compositional patterns in foods consumed suggest that polar bears are foraging on
individual foods opportunistically. That is, they are consuming vegetation where and when it is most
abundant and in random combinations with other foods (i.e., their occurrences are statistically
independent) [16]. Despite the fact that polar bears are known to move little while on land [33,45], animal
consumption appears to have no spatial component, likely because the animals are ubiquitously
distributed and mobile. It is unclear whether foraging, in and of itself, is opportunistic or coincident with
other observed behaviors. For example, is the intense foraging on Lyme grass coincident with resting on
it once ashore or do they rest on Lyme grass after seeking it and gorging themselves on it? Do certain
demographic groups travel inland to consume more berries or are they consuming them coincident with
being inland (where berries are more abundant) to avoid the threat of intraspecific predation along the
coast?
Though the propensity to forage may differ between individuals, when it does occur, polar bears likely
employ foraging tactics that minimize travel to conserve fat reserves. Polar bear locomotion on land is
inefficient with costs of travel increasing with decreasing size [69,70]. As a result, search costs would be
expensive, making it beneficial for polar bears to partake in large volumes of readily available food and
include a large range of possible choices [5]. The generally high species richness and varied composition
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in scat that we observed, as well as apparent high consumption of locally abundant vegetation supports
this. We also found that polar bears often consume more than one type of vegetation in a single feeding
session (42.4% of scats). Switching between different types of plants may help maintain both high search
efficiencies and bite rates, perhaps making longer bouts of foraging (with increased movements)
energetically profitable [24,71].
Adopting a mixed diet of both animal-based protein and plant-based carbohydrates, which occurred
frequently in our study (34.3% of scats), may allow polar bears to overcome some of the nutritional
constraints associated with large body mass and inclusion of low quality forage in their diet. Other bear
species are known to seasonally specialize on certain types of vegetation [71,72] but simultaneously
consume animal-based protein and fat sources in limited amounts to maximize mass gain [9,12].
Robbins et al. [12] postulated that brown bears consumed an optimal combination of protein and
carbohydrates that minimized the costs associated with protein digestion (deaminating and excreting
excess nitrogen) while maximizing digestible energy intake. As a result, bears in the study gained
disproportionately more mass on the optimal diet, than they would have gained from the same calories of
each macronutrient alone. Polar bears on the Cape Churchill Peninsula may be optimizing their
macronutrient intake during the ice-free season in a similar fashion.
Diet food mixing also has the potential to yield nutritional benefits beyond immediate mass gain. For
example, various types of vegetation may provide vitamins and minerals absent from their primary diet
[6,73]. Iversen [60], for example, describes specific vitamins and minerals in marine algae that are
lacking in seal blubber, that might explain why polar bears of all sex and age classes (including adult
males) consume this and terrestrial vegetation in Svalbard even when seals are still available to hunt.
This may also explain observations of polar bears expending energy to dive, then selectively eating only
specific parts of marine algae plants (C.J. Jonkel pers. comm., [14,57,58]).
Another non-energetic benefit of consuming a mixed diet is to allow sampling of available food to
assess quality for potential switching or adding of new foods [5]. Traveling to new patches and the effort
associated with capturing new prey (e.g., trial and error) are costly and may not yield an immediate
energetic gain, however, greater familiarity with various food patches and improvement in efficiency of
capturing prey may yield a net energy profit over an animal’s lifetime or that of its offspring [27,74,75]. A
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possible example of this would be the pursuit and capture of flightless waterfowl on land by polar bears.
Although some report that consuming a goose after a long pursuit can not be energetically profitable [49],
multiple observations of such behavior and the frequent occurrence of waterfowl remains in scat (28.0%;
180 of 642 scats) indicates successful captures occur often ([27], unpublished observations). Given that
geese are still a relatively new resource in western Hudson Bay [16] polar bears probably possess
varying levels of expertise in capturing them. It may be that only until they have optimized their hunting
technique will polar bears glean an energetic benefit from pursuing them.
The sex of polar bears consuming different foods can not be determined from our data without further
genetic analyses, however, based on the tendency for different sex/age classes to segregate once
ashore and move little on land [33,45,53], general inferences can be made. For example, females with
cubs and sub-adults tend to move further inland, whereas adult males tend to predominate along the
coast [53], which could lead to some partitioning of resources, as peak availability of certain foods (e.g.,
berries) might be more accessible to certain demographic groups. Derocher et al. [52] similarly noted the
importance of broad spatial (and temporal) sampling in assessing the importance of terrestrial plants in
the diet due to observations of berries being primarily consumed by adult females and sub-adults further
inland. Although we found no spatial patterns in animal remains in scat, it is conceivable that travel to
inland areas might increase interactions with more mobile prey, such as nesting waterfowl. Edwards et al
[4] reported that the degree of carnivory among female grizzly bears increased linearly with movement
rate in the Mackenzie Delta region.
Conclusions
Our results support previous findings and Traditional Knowledge that polar bears are opportunistic
foragers that exploit a wide variety of plants and animals (e.g., [14,19]). There are clear spatial patterns
of food use, especially among plants, and ample evidence that multiple different foods are consumed
during single feeding sessions. These foraging patterns define food mixing and omnivory strategies on
relatively small spatial and temporal scales. They would permit the bears to maximize calorie intake while
minimizing energy expenditures associated with movement [12]. Non-energetic benefits, such as fulfilling
vitamin/mineral requirements, diluting toxins, assessing new resources and learning processes, may also
motivate seemingly unprofitable foraging behaviors [5,67,74,75].
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We suggest that future research include genetic analyses to allow definition of the diet compositions
of individuals of known identity and gender. That research should also establish the energetic costs of
foraging to obtain mixed and omnivorous land-based diets as well as the energetic gains, including those
obtained through food synergism, from those diets. Such information will allow the development of more
realistic models of the effect of climate change on survival and reproductive success than current models
that assume no nutritional input during the increasing ice-free period (e.g., [76,77]). Finally, future
research should continue to monitor changes in polar bear foraging that may result from the bears
responding to their changing environment.
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Table 1. The number and percentage of polar bear scats (n = 642) containing ‘vegetation',
'animal', 'land-based’ food items. 'Vegetation' includes grasses, marine algae, mosses, mushrooms
and berries; 'Animal' includes identified and unidentified birds, mammals and eggs; 'Land-based food'
includes any food item except seal or polar bear (which could have been consumed on the ice); 'Landbased animal' includes caribou, birds, eggs and rodents.
Scats containing food item
Food type ($ 1)
Vegetation
Animal
Land-based food
Land-based animal
Food combinations
Animal + Vegetation
> 1 Animal
> 1 Land-based animal

#

%

545
294
605
227

84.9
45.8
94.2
35.4

220
60
42

34.3
9.3
6.5
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Table 2. The proportions and upper and lower 95% confidence limits of the frequencies of
food items in 5 different sections of the study area. Proportions (in bold) with confidence
limits that do not overlap the proportions of another value are considered significantly different (*)
from other values.

Food item:
Birds

Eggs

Caribou

Polar bear

Rodents

Seals

Lyme grass

Lyme grass seed heads

Other grasses

Marine algae

Berries

Mushrooms

Moss

Garbage

1
20.43
14.01
9.00
18.23
12.98*
9.52
8.09
3.82
1.42
7.25
3.18
1.04
6.36
2.55
0.70
8.09
3.82
1.42
20.43
14.01
9.00
4.51
1.27
0.15
8.09
3.82
1.42
26.16
19.11
13.31
8.09
3.82
1.42
7.25
3.18
1.04
8.98
4.46
1.81
22.58
15.92*
10.59

2
19.96
12.98
9.07
2.78
0.00
0.00
8.30
3.82
1.25
1.49
0.00
0.00
3.10
0.76
0.02
8.70
3.82
1.25
31.84
23.66
16.71
1.49
0.00
0.00
7.64
3.05
0.84
47.10
38.17*
29.76
3.10
0.76
0.02
3.10
0.76
0.02
10.71
5.34
1.77
12.64
6.87
4.82

Area #
3
27.46
20.97
15.35
6.16
2.69
0.88
4.96
2.15
0.59
4.64
1.61
0.33
2.96
0.54
0.01
8.30
4.30
1.87
29.88
23.12
17.28
4.64
1.61
0.33
6.88
3.23
1.19
32.15
25.27
19.21
4.96
2.15
0.59
9.66
5.38
2.60
9.66
5.38
2.60
4.64
1.61
0.33

4
13.26
10.89
8.84
2.46
1.38
0.69
7.17
5.38
3.93
4.45
3.00
1.93
1.28
0.50
0.14
4.29
2.88
1.83
34.81
32.04*
31.03
6.46
4.76*
3.38
6.89
5.13
3.71
23.39
20.78
18.08
2.30
1.25
0.60
6.61
4.88
3.49
13.20
6.76
5.12
1.10
0.38
0.08

5
24.70
15.79
9.09
5.73
1.05
0.03
14.63
7.37
3.01
5.73
1.05
0.03
3.81
0.00
0.00
3.81
0.00
0.00
22.24
13.68
7.51
3.81
0.00
0.00
18.51
10.53*
5.16
7.39
2.11
0.26
47.29
36.84*
27.16
5.73
1.05
0.03
17.27
9.47
4.42
5.73
1.05
0.03
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Churchill

Cape Churchill

Sampling along
coastal transects
White Whale River

Hudson Bay

Sampling at den sites

Broad River

Nunavut

Churchill

.

Rupert
Creek

Hudson
Bay

Manitoba
Ontario

30 km

Figure
1 scat was collected along the coast of western
Figure A1. Polar bear scat collection areas. Polar
bear
Hudson Bay from the town of Churchill, Manitoba, to Rupert Creek. Scat was also collected near
maternity dens at 6 inland sites. Collections were made from 2006 through 2008.
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Figure 1. The distribution of co-occurring foods in polar bear scats collected from western
Hudson Bay from 2006-2008 as an index of diet complexity. For each food item on the x-axis, each
section of the vertical bars is the percent frequency of the number of co-occurring food items. For
example, seed heads occurred alone in 39.5% of scats, with one other food item in 23.3% of scats, etc.
The diamond points connected by the black line are the mean number of co-occurring foods (right y-axis)
with associated standard errors for each food item.

59

Figure 2. Spatial differences in occurrences of food items from polar bear scats across the study
area. Our sampling area was divided into 5 sections based on anthropogenic land use, concentrations of
known prey and vegetation clines. Classes of food items that occurred more (+) or less (-) often than
expectations based on other areas are indicated.
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A.
3.00

Differences between mean #s of food items per scat

2.00

1.00

eggs
(site #1)
other grasses
(site #5)

0.00
garbage
(site #1)

marine algae
(site #2)

lyme grass
(site #4)

-1.00
seed heads
(site #4)
-2.00

berries
(site #5)

-3.00

Figure 3. Foods consumed at relatively higher rates by polar bears to the exclusion of other foods
(A) across the study area and (B) between fresh and unknown age scats. Black dots in (A)
represent the differences between mean number of items co-occurring with foods consumed more often
in a particular area and the mean number of co-occurring foods with these same items collected from all
other areas. Black dots in (B) represent differences between mean numbers of items co-occurring with
foods found more often in fresh scats and the mean number of co-occurring foods with these same items
collected from unknown age scats. Values above the zero (the dotted line) indicate that more foods cooccurred with the more frequently consumed items, whereas those below indicate fewer co-occurred (or
were excluded). Foods with 95% confidence limits that do not overlap zero (zero = no difference) indicate
that polar bears consumed these foods at a relatively higher rate with significantly fewer (or more) cooccurring foods.
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Figure 3. Continued.
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Figure 4. A polar bear consuming a seal it captured during the ice-free season. A polar bear
guards the seal it captured and is consuming on the shore of Hudson Bay near the Seal River, north of
Churchill, Manitoba, Canada, on August 14, 2010. Photograph by R. F. Rockwell.
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CHAPTER 3

THE EARLY BEAR GETS THE GOOSE – NEW PHENOLOGICAL MATCH WITH LESSER SNOW
GEESE

A modified version of the chapter is published as: Rockwell, RF and LJ Gormezano. 2009. The early
bear gets the goose: climate change, polar bears and lesser snow geese in western Hudson Bay. Polar
Biology 32:539-547.
Text extracts, figures and tables, reproduced by permission from the Publishers.
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Abstract
As climate change advances the date of spring breakup in Hudson Bay, polar bears are coming
ashore earlier. Since they will have lost some of their opportunities to hunt ringed seals from a sea ice
platform, they may be deficient in energy. Subadult polar bears appear to come ashore before more
mature individuals and the earliest subadults are beginning to overlap the nesting period of the large
colony of snow geese also occupying the Cape Churchill Peninsula. The eggs these bears are known to
eat could make up some of their energy shortfall. The earlier these eggs are consumed during the snow
goose nesting period, the greater would be the energy that is available. Recent studies have shown that
the annual survival rate for subadult bears is less than that of prime aged individuals. If this reduction in
survival is related to an increasing energy deficit, as suggested by some, the consumption of goose eggs
may reverse the trend and help stabilize the population, at least for some period of time. The total
number of polar bears that could benefit from this resource will depend on the increasing temporal
overlap with the nesting period and on the foraging behaviors of individuals eating the eggs. It is likely
that other food sources will also have to play a role if the polar bears are to persist.

Key Words: Chen caerulescens, climate change, eggs, energy compensation, foraging behavior, polar
bear, snow goose, Ursus maritimus
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Introduction
With the release of many popular articles on the potential effects of global climate change on its fate
and its recent reclassification as a “threatened species”, attention is again being focused on the plight of
the arctic’s most visible and charismatic predator, the polar bear (Ursus maritimus Phipps). There is little
doubt that the global climate is changing and even less that these changes are negatively impacting polar
regions (e.g. Randall et al. 2007; Stroeve et al. 2007). Since polar bears depend on sea ice for many
aspects of their life history (e.g. Stirling and Derocher 1993), the continuing sea ice declines and
temperature ameliorations predicted by climate change models are reasons for concern.
Ringed seals (Phoca hispida Schreber) are the primary prey of polar bears throughout most of their
range and account for the major portion of the bears’ annual energy budget (Stirling and Øritsland 1995).
Much of the energy gained from consuming seals occurs after March each year and is coincident with the
production and maturing of ringed seal pups (Stirling and McEwan 1975). Unfortunately, this is the period
most likely to be impacted by climate change (e.g. Stirling and Derocher 1993; Stirling and Øritsland
1995; Rosing-Asvid 2006). Polar bears are quite efficient using the ice to hunt seals in their subnivean
lairs and at breathing openings (Stirling 1974; Stirling and Latour 1978). However, as the sea ice breaks
up, it is increasingly difficult for the bears to capture seals. If climate change advances the date of
breakup, the problems for polar bears will be exacerbated.
This is particularly true for polar bears living in western Hudson Bay, near the southern limit of the
species, where impacts of global change are expected to be felt sooner (e.g. Skinner et al. 1998;
Derocher et al. 2004; Ferguson et al. 2005). Further, polar bears in this region normally shift to a
terrestrial existence during a 4 to 5 month ice-free period and are thought not to forage to any great
extent, subsisting instead on stored fat reserves (e.g. Watts and Hansen 1987; Ramsay and Stirling 1988;
Ramsay and Hobson 1991; Derocher et al. 1993; Stirling and Derocher 1993; Stirling et al. 1999;
Derocher et al. 2004; Stirling and Parkinson 2006). Since much of that fat is acquired during the period
just prior to breakup (e.g. Stirling and Derocher 1993) any shortening of the spring hunting period could
have profound effects. Recent analyses have shown declines in the body condition, reproductive
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success, survival and population size of polar bears in the Western Hudson Bay population coinciding
with an advance in spring sea ice breakup (e.g. Stirling et al. 1999; Regehr et al. 2007).
Although there have been some suggestions that increased terrestrial foraging during the ice-free
period might provide some compensation for lost seal hunting opportunities (Lunn and Stirling 1985;
Derocher and Stirling 1990; Derocher et al. 1993; Derocher et al. 2000; Dyck and Romberg 2007), there
is a pervasive view that such foraging will not be adequate (e.g. Stirling and Derocher 2007). That view is
driven in part by the metabolic expenses associated with terrestrial foraging. Lunn and Stirling (1985), for
example, computed that the calories gained from consuming one of the many flightless (molting) geese in
the Churchill (Manitoba) region would not likely compensate for the energetic cost of chasing it down.
Ironically, the advance in spring sea ice breakup that may be leading to the energy shortfall for polar
bears may also provide some relief by making a more energy efficient, terrestrial resource available. As
the date of sea ice breakup advances, it is increasingly likely that some polar bears will arrive on shore
when members of the large nesting colony of Lesser Snow Geese (Anser caerulescens caerulescens
Linnaeus, henceforth snow geese) located on the Cape Churchill Peninsula are still incubating eggs.
Polar bears are known to eat snow goose eggs (Abraham et al. 1977; Madsen et al. 1989; LJ Gormezano
unpublished data) and since obtaining such a resource would not involve the high costs of a chase across
the tundra, the eggs could compensate for some of the energy deficit associated with lost seal hunting
opportunities. The obvious questions are whether polar bears and nesting geese will increasingly overlap
and how much energy is available to the bears?
In this paper, we take advantage of well-studied populations of both species to examine the overlap
of polar bears and nesting snow geese in their annual use of the terrestrial environment and to estimate
the extent to which the bears will increasingly overlap the nesting period, assuming current climate trends
continue. We also estimate the energy available to polar bears from snow goose eggs and examine both
how this changes across the nesting period and how it could compensate for missed opportunities to eat
seals when spring breakup occurs earlier. Finally, we consider the potential importance of this resource
to polar bear persistence in light of what is known about the bears foraging on goose eggs.
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Methods
Study Site and Spatial Overlap of Snow Geese and Polar Bears
This study centers on polar bears and snow geese found in and around the northern coastal portion
of Wapusk National Park, located approximately 30 km east of Churchill, Manitoba, Canada (see
Rockwell et al. 2009 for details on the Park). The polar bears are designated as part of the Western
Hudson Bay (WH) population (Aars et al. 2006) that occurs along the coast and adjacent inland habitat of
Nunavut, Manitoba and Ontario during the ice-free season (typically from July to mid-November; Stirling
et al. 2004). The snow geese are part of the Mid-Continent population (Abraham and Jefferies 1997).
While the region’s snow geese historically nested primarily near La Pérouse Bay, the colony has grown
both numerically and geographically and now occupies a substantial portion of the Cape Churchill
Peninsula, extending from La Pérouse Bay to the Broad River (Figure 1). There are large concentrations
-1
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where the density reaches 20 nests ha . Most of the intervening habitat contains 1-5 nests ha with a
-1

few stretches (< 5 km each) where density averages <1 nest ha . The area depicted in Figure 1 is also
used during the spring, summer and early fall by many of the region’s polar bears and forms the spatial
basis for interaction between the two species.
Advances in the Timing of Snow Goose Nesting
Data on nesting phenology have been collected since 1968 as part of a larger, long-term study of
snow geese and methodological details are given in Cooke et al. (1995). While a portion of those data
(1973-1993) were evaluated by Skinner et al. (1998), the entire data set (1968-2007) is used in our
present analyses. We examined the data for any change in mean hatching date over 40 years with linear
regression and estimated the rate of change and its confidence limits from that analysis. As part of our
snow goose monitoring, sightings of polar bears within the nesting area have been recorded whenever
possible and detailed records have been kept since 2000 when regular helicopter-based coastal snow
goose surveys were begun.
Advances in the Timing of Sea Ice Beak-up
Four studies have examined the advance of ice breakup in the portions of Hudson Bay that are
relevant to the WH polar bear population (Stirling et al. 1999; Stirling et al. 2004; Stirling and Parkinson
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2006; Regehr et al. 2007). While all used similar approaches, the studies spanned different years and
may have used slightly different criteria or procedures to define breakup dates. We assumed, however,
that each study was internally consistent and as such would provide comparable estimates of the rate in
advance of breakup. We extracted data from the graphs presented in each paper and estimated the rate
of change in date of breakup over years using linear regression. We formed a weighted mean estimate
across the four studies, using the inverse of the variances of estimates as weights to compensate for
differences in parameter confidence. We compared the rates of change in hatching date and sea ice
breakup following procedures outlined in Zar (1999).
The Energy Content of Snow Goose Eggs
The protein and fat content of fresh and newly hatching (pipping) eggs of snow geese were estimated
by Badzinski et al. (2001) and provide the basis for computing the energy that could be obtained by polar
bears from eggs across the 24 day incubation period. We scaled their gram estimates of protein and fat
-1

to energy using the standard coefficients of 4.30 and 9.39 kcal g , respectively (Robbins 1993; SchmidtNielsen 1997). We further scaled these by the digestibilities of protein and fat for polar bears (0.84 and
0.97, respectively) provided by Best (1985). This allowed us to estimate that a fresh egg would provide a
polar bear with approximately 210 kcal and a nearly hatched neonate (at the end of the nesting period)
would provide approximately 124 kcal. The energy content of an egg does not decline linearly during
incubation, especially for the yolk for which more than 80% of the lipid consumption occurs during the
final third of the incubation period (e.g. O’Connor 1984). Romanoff (1967) provided a daily accounting of
the decline in the yolk content of the chicken egg and we modeled the decay in available energy of snow
3

2

goose eggs (Y) across the incubation period (X) based on that data (Y = -0.01X + 0.19X -1.03X +
2

210.87; R = 0.99).
We used this model to compute a profile of energy potentially available to polar bears over the
nesting period (egg laying and incubation) of snow geese on the Cape Churchill Peninsula. In doing that,
however, we had to account for the fact that while each goose has an incubation period of approximately
24 days, the entire colony is not synchronous (Cooke et al. 1995). In average years, nest initiation spans
a 7 day period with a near symmetrical distribution of daily initiation peaking on day 4 (Cooke et al. 1995).
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Using our current colony size estimate of 48,855 pairs of snow geese (Ross et al. 2004; RF Rockwell,
unpublished data), our detailed data on nesting phenology and assuming a modal clutch size of 4, we
calculated the number of nests that initiated on each of the 7 days and computed the energy they would
provide during the 4 day egg laying period and across the 24 day incubation period. We summed the
daily contributions of these staggered-initiation nests to generate an energy profile for the overall 33 day
nesting period of the colony. The profile spans the period from initiation of the earliest nests through
hatching of the latest ones.
In years of late melting snow, overall nest initiation is delayed and the pattern and relative distribution
of nest initiation is narrower and negatively skewed while in early melt years there is an advance of
overall nest initiation and a positive skew to the distribution (Cooke et al. 1995; RF Rockwell unpublished
data). Energy profiles for such years were adjusted accordingly and compared to each other and a profile
for an average year. It is important to note that we have not detected any spatial variation in initiation or
hatch dates across the nesting area depicted in Figure 1 (RF Rockwell, unpublished data).
The Energy Content of Seals
There are limited data on the depredation of ringed seals by polar bears. The bulk of it is based on
observations made during the 1970’s at Radstock Bay on Devon Island in the central Canadian High
Arctic by Ian Stirling and his colleagues (Stirling 1974; Stirling and Archibald 1977; Stirling and Latour
1978;). Those data and other unpublished observations are summarized in Stirling and Øritsland (1995).
Estimates of the energy content of ringed seals of various age classes collected in Admundsen Gulf are
summarized in Stirling and McEwan (1975). We used those data to estimate the average amount of
energy polar bears obtain each day from seals in spring prior to break up. We focus on this metric since
climate change is expected to “cost” polar bears days of spring seal hunting opportunities.
Seal pups grow rapidly and increase in energy content through the spring and early summer (Stirling
and McEwan 1975). Our daily energy intake computation accounted for both age structure and agespecific energy content of seals consumed by polar bears (Stirling and Øritsland 1995). We assumed
that the energy came solely from the consumption of seal fat (Stirling and McEwan 1975) and that this
-1

would provide 9.39 kcal g of gross energy (Robbins 1993; Schmidt-Nielsen 1997). We used the fat
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digestibility rate of 0.97 (Best 1977) to convert this to the energy available to polar bears. On average, a
polar bear obtains approximately 22,432 kcal of energy per day from the consumption of seals.
For simplicity, we refer to this energy gain as a “seal day”, denoting that it is the average energy a
polar bear obtains per day consuming seals on the ice during the spring and early summer. Equivalently,
it is the average daily energy lost when that hunting is prevented by reductions in the ice platform
associated with climate change. While these estimates are based on seal depredation from further north
and more than 3 decades ago, they were used by Stirling and Øritsland (1995) to develop a depredation
and energy based model that related polar bear and ringed seal abundances. They successfully applied
this model across a wide geographic range of the Canadian High Arctic and more recently Lunn et al.
(1997) found that its predictions were applicable in Western Hudson Bay. As such, the seal day estimate
of 22,432 kcal is a reasonable approximation for our purposes.
Since it was not our intent to provide a full evaluation of daily and seasonal energy budgets for polar
bears living on either geese or seals, we did not consider energy costs of searching, catching, consuming
or digesting prey. Rather, we assumed that the overall field metabolic rate associated with walking
through the nesting colony and eating eggs (density is 5 to 20 nests per hectare on much of the colony)
would not be dissimilar from the rate assumed by Stirling and Øritsland (1995) for seal consumption
based primarily on still hunts (77%) mixed with some stalking and chasing (Stirling 1974; see also Best
1985).
Results and Discussion
Advances in the Timing of Snow Goose Nesting
The mean hatching dates of snow geese nesting on the Cape Churchill Peninsula from 1968 to 2007
are depicted in Figure 2. There is a small but statistically significant advance in the mean date of
hatching (and thus the nesting period) of snow geese over the 40 years of this study (0.16 (± 0.07) days
-1

year ; F1,37 = 4.18, p = 0.048). The rate of advance in hatching is consistent with the advance in the
arrival date of snow geese at Delta Marsh, Manitoba, a known staging area for snow geese (MurphyKlassen et al. 2005). It is important to note that the advance in mean date occurs in the face of a
substantial amount of annual variation.
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Advances in the Timing of Sea Ice Beak-up and the Onshore Arrival of Polar Bears
-1

The estimated mean rate of advance in sea ice breakup is 0.72 (± 0.23) days year , which is
substantially (and significantly, p < 0.02) higher than the advance in hatching date of the snow geese.
Physical processes such as the “sea ice-albedo climate feedback mechanism” (Cury and Schram 1995;
Overpeck et al. 1997) suggest that sea ice breakup may proceed more rapidly both within and between
years than land-based processes, so this difference is not unexpected. The correlations between annual
breakup estimates in the four studies and annual hatching date estimates are not especially high (r = 0.16
to 0.41), suggesting that goose nesting likely responds to additional variables that do not appear to be
changing at the same overall rate as those affecting sea ice breakup (cf. Skinner et al. 1998). One
implication is that there will be periodic annual mismatches when, for example, an early sea ice breakup
may occur during the same spring as a late nesting period.
The date of sea ice breakup is a reasonable predictor of the onshore movement of polar bears (e.g.
Stirling et al. 1999; Stirling and Parkinson 2006). However, the move is not immediate and does not
initially involve all the polar bears, since the transition from initial sea ice breakup to an ice-free Hudson
Bay can extend over several weeks (Gagnon and Gough 2005). Further, the order of onshore arrival is
not random on the Cape Churchill Peninsula. During our spring and early summer coastal surveys, we
generally observe subadult bears arriving ashore first, before any family groups or lone adults are seen
(RF Rockwell unpublished observations). This nonrandom pattern is perhaps not surprising since the
spring loss of sea ice-based platforms could increase competition for seal hunting and subadults would
not fare well against prime-aged and larger adult males (MA Ramsay, personal communication).
Subadult bears are also the only ones that have thus far been observed during the nesting period on
the Cape Churchill Peninsula. The mean arrival date of the first bear seen in the nesting area during
2000 to 2007 (for which we have consistent helicopter surveys across the entire area) is June 23
(± 3 days) and this overlaps the average nesting period for 2000 to 2007 by 2 days (see below). Given
that the relative rate of advance in sea ice breakup is 4.5 times the advance in hatching date, we expect
to see increasing numbers of polar bears earlier in the nesting period of the snow geese on the Cape
Churchill Peninsula.
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The Energy Available to Polar Bears from Snow Goose Eggs
The amount of energy available to polar bears using the eggs of nesting snow geese changes over
the nesting period. This is depicted in Figure 3 for three chronological scenarios, an early year, an
average year and a late year. As explained above, the relative pattern and distribution of nest initiation by
the geese differs among these scenarios. As is clear in Figure 3, however, these differences only lead to
small and subtle changes in the shapes of the three energy profiles (e.g. the late year has a faster initial
rise and terminate sooner). The primary difference among the profiles is their absolute position along the
annual time axis. Together, the early and late examples depict the maximum range observed for the
Cape Churchill Peninsula colony of snow geese.
In all three cases, the available energy increases as additional pairs begin laying and as they add
eggs to their nests. The available energy declines slowly at first and then more rapidly as development
progresses into its last 10 days and as increasing numbers of pairs take their hatching goslings out of the
nesting area and onto brood-rearing habitat. The potential value of snow goose eggs would be
substantially higher in years when sea ice breakup brought polar bears ashore during the first 14 to 16
days of the nesting period. Such a trend is anticipated under current climate change models and is
expected periodically owing to annual mismatches between the timing of the nesting period and the
timing of breakup.
Overlap of the Snow Goose Nesting Period by Polar Bears
The current situation for the Cape Churchill Peninsula is depicted in Figure 4 where the mean date
the first polar bear was seen on the nesting colony from 2000 to 2007 is indicated on the average energy
profile computed for the same years. These years include an equal number of earlier and later nest
initiation years (Figure 2) so while the absolute time scale is an “average”, it is representative of this more
recent period. On average, the earliest bear overlaps the last few days of the mean hatching period. The
rates of advance of both the nesting period and polar bear arrival (as predicted by advance of sea ice
breakup) are also indicated. If these trends both hold, polar bear arrival will overlap the mean of the
hatching period in 3.6 years and the energy available then will represent an increase of more than 300%
6

6

(to 17.02 ! 10 kcal from 4.24 ! 10 kcal). If the trends hold for a decade, the overlap will have advanced
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by approximately 5.6 days and the energy available will have risen by more than 660% to 32.25 ! 10

6

kcal.
Polar Bear Arrival and Foraging on Snow Goose Eggs
Given the current overlap of nesting period and polar bear arrival, the early bear needs to consume
the eggs from approximately 43 nests to compensate for a 1 seal day energy loss. There would be over
8,305 such nests still available, even at this late stage of the nesting period, and those nests represent a
reservoir of compensation energy equivalent to more than 190 seal days. If the bear overlapped the
nesting period 5.6 days earlier, it would only need to consume the eggs from 34 nests to compensate for
a 1 seal day loss. In that situation, the bear could forage from among 48,855 nests, a total reservoir of
approximately 1,438 seal days that could be used by one or more polar bears. Although the nests are
distributed across the entire nesting area depicted in Figure 1, there are no sections where high
concentrations of nests are more than 5 km apart and while some nests are up to 15km inland most are
within 5km of the coast. Since there are numerous examples of individual polar bears traveling overland
more than 50km in a single day (D Hedman, personal communication), the resource is readily available.
The earlier bear, whether its overlap with a higher energy section of the nesting period results from a
decade’s advance due to climate change or to a seasonal mismatch between sea ice breakup and
nesting period, would certainly get the better deal.
Consistent with the advance in sea-ice breakup, four of the six bears we observed during the nesting
period over our forty year study were seen since 2000. In all 6 cases, the bears were observed within the
nesting area and their size and lack of facial scars were most consistent with them being subadults. In
four cases, we were able to follow a portion of the individual’s trail through the nesting colony. For one,
there was no evidence of egg depredation despite the fact that tracks went right past several nests. In
the other three cases, we located 5, 11 and 16 depredated nests along the portion of the trail we followed.
These numbers are likely underestimates since the exact trail was difficult to follow in some of the more
vegetated and rocky sections of the nesting colony. Curiously, depredation was not continuous along the
bears’ trails, as depredated nests were found interspersed with intact nests.
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In similar fashion, Smith and Hill (1996) reported that a lone polar bear consumed the clutches of
eggs at only 4 of 36 Canada Goose (Branta canadensis Linnaeus) nests on Akimiski Island in southern
James Bay on a single foray during the nesting period. Madsen et al. (1998) reported that polar bears
depredated 135 eggs from 43 of 85 nests of Light-bellied Brent Geese (Branta bernicla hrota Linnaeus)
on Svalbard in 1987 and 1991. Finally, Drent and Prop (2008) report that a single female polar bear and
her cub consumed the eggs from 108 Barnacle Goose (Branta leucopsis Linnaeus) nests in a single day
in 2004 on Svalbard. In describing that depredation, Drent and Prop (2008) note that the female and cub
broke many of the eggs by pressing with their noses and then licking up the contents, consuming both
partially developed goslings and egg residue. At one point, the bears left the goose colony, drank from a
freshwater pond and then returned and continued eating eggs. Clearly, when opportunity arises, polar
bears consume large numbers of goose eggs.
Taken together, these observations raise the question of whether a polar bear arriving ashore with a
specific accrued energy deficit, for example 4 seal days, would forage only until that deficit was replaced?
Or, would the bear continue foraging until it ran out of nests, became satiated or, perhaps, gained too
much weight to forage further (M. Ramsay, unpublished data)? To our knowledge, there is little
information available on this point, especially as it pertains to the consumption of migratory waterfowl
eggs by polar bears. Reviewer 2 (personal communication) noted that 1 polar bear foraging on waterfowl
eggs appeared to consume the contents of about 10 nests and then rest for up to an hour before
resuming foraging. This may indicate at least a pattern of temporary satiation.
Our relevant observation on this point is of a subadult male that came ashore after the snow geese
had hatched but while common eiders were still nesting in a dense colony at La Pérouse Bay. We
observed the polar bear walk from island to island and consume all the eggs from 206 of the
approximately 325 active common eider nests during an approximately 96 hour period (PZ Matulonis,
unpublished data). Unfortunately, the bear had to be chased from the area for safety reasons and we
were unable to see if it would have consumed more clutches or had become satiated. Assuming the
energy available to polar bears from eider eggs scales to the eggs’ size relative to that of a snow goose
egg, the bear’s foraging yielded more than 170,000 kcal or approximately 7.5 seal day equivalents in just
96 hours.
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These observations do not fully resolve whether arriving polar bears would simply satisfy any accrued
energy deficit or gorge on an ephemeral resource. Polar bears are certainly known to gorge when
otherwise scarce food is available (Amstrup 1986, Amstrup and Nielsen 1989). They can consume up to
10% of their body mass in 30 minutes and their stomachs can hold up to 20% of the their body mass
(Best 1977). The literature on foraging in other bear species indicates that satiation likely does occur.
.Beckmann and Berger (2003), for example, showed that black bears (Ursus americanus Pallas)
displayed satiation rather than gorging indefinitely on unlimited supplies of urban garbage. Similarly,
studies of grizzly bears (Ursus arctos Linnaeus) indicate that they will consume large quantities of
abundant salmon (exceeding 20% of their body mass), but will eventually stop and switch to berries and
other vegetation even though salmon are still available (e.g. Hilderbrand et al. 1999).
Grizzly bears also exhibit highly selective foraging, only consuming certain parts of the salmon under
some conditions, perhaps indicating that factors other than simple energy maximization may drive their
foraging behavior (Gende et al. 2001). This was further explored by Robbins et al. (2007) who showed
that captive grizzly bears, given access to abundant salmon and fruit, preferred a mixed diet rather than
gorging indefinitely on salmon, again in contrast to simple energy maximization models. They showed
further that the mixed diet actually increased rates of growth and mass accumulation. Whether polar
bears, who have been shown to consume a variety of fruits and other vegetation (e.g. Derocher et al.
1993), would display a mixed foraging strategy, reducing consumption of snow goose eggs, and whether
it would benefit them in a fashion similar to that shown for grizzly bears, is not currently known but
certainly important.
The consumption of snow goose eggs by early arriving subadult polar bears raises two interesting
behavioral issues. First, if subadults come ashore earlier than more mature members of the population,
owing, perhaps, to competitive displacement, what will happen as they mature? Will they remain on the
sea ice longer once they achieve a more competitive size or will they take advantage of experience and
knowledge of resources and leave early to consume snow goose eggs in subsequent years? Results
presented in Madsen et al. (1998) and Drent and Prop (2008) indicate that some individuals leave the sea
ice regularly to eat goose eggs suggesting the behavior becomes habitual at least for some polar bears.
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Second, since eggs consumed earlier in the nesting period provide more energy, might individual
polar bears be able to sense this and progressively come ashore earlier to exploit an ever more valuable
resource? Or is the consumption of goose eggs a simple opportunistic reaction to sea ice breakup that
forces polar bears ashore? Observations that both immature and adult polar bears on Svalbard leave
solid pack ice and consume eggs of light-bellied brent and barnacle geese early during their nesting
period despite the availability of seals (Madsen et al. 1998, Carlens et al. 2006, Drent and Prop 2008)
suggests that the use of goose eggs may not be exclusively driven by broken sea ice and the attendant
difficulties of hunting seals. The observations with respect to both issues may be another example of the
behavioral flexibility and adaptability of polar bears (e.g. Derocher et al. 2000).
Unlike prime-aged adults, the subadult age class of the WH population appears to have suffered a 25% decrease in annual survival for each week of advance in breakup (Regehr et al. 2007). If this is due
to an accrued energy deficit, as they suggest, then the consumption of snow goose eggs could improve
bears’ condition and stabilize or reverse the survival decline of this age class. Assuming the age
structure given in Stirling and Øritsland (1995) is generally applicable, this age class represents
approximately 25% of the region’s population. Given the high relative importance of survival to population
growth, such a reversal could at least temporarily increase the near-term growth rate of the WH polar
bear population (cf. Heppell et al. 2000, Koons et al. 2006).
General Considerations
If climate change continues at its current or even an accelerated pace, polar bears will increasingly
overlap the nesting period of snow geese on the Cape Churchill Peninsula. Energy available in the goose
eggs could be used to offset some of the accrued deficits from lost seal hunting opportunities with earlier
portions of the nesting period providing the greatest energy. The earliest arriving polar bears will likely be
members of the subadult age class and they would be the first to benefit although the total number
gaining from this resource will depend on individual foraging strategies. Competition could lead to a
“tragedy of the commons” situation (Rankin et al. 2007) where individual self-interests degrade a resource
the whole group could use. Preliminary simulations indicate that if more than 36% of the nests are
depredated the snow goose colony would decline. Both Madsen et al. (1998) and Drent and Prop (2008)
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indicate that polar bear depredation on Svalbard is sufficient that it is impacting the resident goose
populations.
While the energy from snow goose eggs may reduce or delay the immediate impact of climate
change on the polar bears of this region, simple extrapolation of the available egg energy values indicate
that other food sources will have to play a role if the polar bears are to persist in the long term. Polar
bears display a high level of behavioral plasticity, capturing and consuming other prey while on land (e.g.
Russell 1975; Derocher et al. 2000; Dyck and Romberg 2007, LJ Gormezano unpublished data). Such
foraging, especially if it increases in frequency, could further mitigate losses of sea ice-based seal
hunting. It is also possible that polar bears may increase their daily rate of seal capture prior to or during
breakup, thus reducing their accrued energy deficit when arriving onshore. It is our view that in
monitoring the health of this species, we should pay particular attention to the polar bears’ diverse
foraging abilities and their attempts to cope with environmental changes. We feel this is a better
approach than making predictions based only on their historic behaviors in habitats that are themselves
now changing.
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Figure 1. Nesting Lesser Snow Geese are associated with over 100 km of coastline on the Cape
Churchill Peninsula. South and southeast of the original La Pérouse Bay colony, they nest up to 15 km
inland. Northwest of the Broad River, they nest up to 5 km inland. Many of the polar bears found in the
Cape Churchill Peninsula use this section of coastline during spring, summer and fall.
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Figure 2. The mean hatching date of Lesser Snow Geese nesting on the Cape Churchill Peninsula has
advanced by 0.16 (± 0.07) days per year over the 40 years of the study.
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Figure 3. The energy available to polar bears from the eggs of nesting Lesser Snow Geese changes over
the nesting period – rising during nest initiation, falling over the 24 days of incubation and reaching 0
when the goslings hatch and leave the nesting habitat. The relative position of the energy profile, as well
as minor aspects of its shape vary as a function of the date of nest initiation. See text for more detail.
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Figure 4. Polar bears are beginning to overlap the nesting period of Lesser Snow Geese on the Cape
Churchill Peninsula. Since the advance of onshore arrival of polar bears is estimated to be 4.5 times
faster than the advance in the nesting period of the geese, the amount of energy available to the bears
will increase as the overlap with the nesting period becomes earlier. The energy profile and the date on
which the first polar bear was seen in the nesting area are averages for the period 2000 to 2007. The
mean hatching date is June 21 and mean date for the first bear’s arrival is June 23.
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CHAPTER 4

THE ENERGETIC VALUE OF LAND-BASED FOODS IN WESTERN HUDSON BAY AND THEIR
POTENTIAL TO ALLEVIATE ENERGY DEFICITS OF STARVING ADULT MALE POLAR BEARS
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Abstract
As climate change causes the sea ice to melt earlier in Hudson Bay, polar bears are coming ashore
sooner with less time to hunt their primary spring prey, ringed seal pups. The energy acquired from
hunting these seal pups has historically sustained polar bears in western Hudson Bay during the ice-free
season until they returned to the ice in fall. Assuming their current survival is linked to hunting seals and
the ice-free season continues to expand with warming trends, polar bears will need to consume foods on
land to compensate for energy deficits to prevent “starvation”. Molnár et al. (2010) developed a
mechanistic model to describe how energy stores of adult males are incrementally depleted as the icefree season expands to 180 days. Relating these energy stores to size-specific maintenance costs,
Molnár et al. (2010) predicted that between 28% and 48% of adult males would starve under this scenario
depending on their prior activity on land.
I consider an alternate scenario in which predicted daily energy expenditures are mitigated by energy
input through land-based foraging. I include novel land-based animal foods, such as snow geese, their
eggs and caribou, that have only recently been introduced or become common in the land-based diet, as
well as historically consumed plants, such as berries and lyme grass seed heads. To evaluate each
food’s potential to prevent the predicted starvation rates, I calculated the minimum number of individual or
combined units of each animal or effort foraging on plants to satisfy daily energy deficits of adult males
during the period they would be susceptible to starvation. I further considered the total energy available
from each sex and age class of each animal prey over the period they would overlap land-bound polar
bears and calculated the maximum number of starving adult males that could be sustained on each food.
The feasibility of starving adult males subsisting on plants alone was evaluated by calculating minimum
intake rates as a function of minimum daily distance and time required to travel to encounter enough
plants to survive.
-1

Assuming polar bears walk 2 km d prior to starving, those coming ashore in the worst condition
would need to consume, for example, between 3 and 26 clutches of eggs each day of the 24-day
incubation period or a total of between 0.5 and 16 caribou to sustain them for the 180-day duration
ashore. The minimum daily intake of geese was high relative to observed capture rates and, therefore,
would likely be most valuable as part a mixed diet with other foods (as they are currently consumed). To
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-1

consume enough berries to survive, starving adult males would need to walk 6.53 km d for
-1

approximately 11.7 hours if consuming berries at the maximum rate of 30 g min . Subsisting on seed
heads alone would likely not be feasible, but including moderate amounts of any carbohydrate-rich plants
in a mixed diet could have synergistic effects on energy accumulation, especially when combined with
other macronutrients. Given their opportunistic approach to foraging, current diet mixing (from scat
analysis) and potential synergistic effects of including plants with animal prey, the combined diet would be
the most feasible to support starving adult males on land.
I discuss complicating circumstances that may have led previous studies to underestimate polar bear
use of terrestrial foods including the possible shifts of energy pathways caused by capture stress and the
mixing of land- and marine-based stable carbon isotope signatures in some land-based foods. The
methods to procure each land-based food will strongly dictate their energetic worth to polar bears.
However, it is not until further oxygen consumption studies are performed to determine the costs
associated with different capture methods for various size bears can the number of starving bears that
can be supported by land-based resources be known with certainty.
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Introduction
Climate change is causing the sea ice in arctic regions to melt earlier in spring (e.g., Gagnon and
Gough, 2005; Hochheim et al., 2010), leading to a trophic mismatch between polar bears and their
primary spring prey, the pups of ringed seal (Phoca hispida; Derocher et al., 2004). The bears acquire
the majority of their annual energy reserves from hunting seals on the ice, especially during the spring
when they capture pups in their snow lairs (Stirling and Øritsland, 1995). In western Hudson Bay, polar
bears have historically relied on the energy from hunting these seal pups to sustain them through the icefree period on land until the ice reforms in fall (Stirling et al., 1977; Atkinson and Ramsay, 1995).
Assuming that polar bear survival is dependent on access to seals during this critical period, many predict
declines in polar bear survival and abundance coincident with the advance of sea ice breakup as polar
bears will be forced ashore with smaller fat reserves for longer periods (e.g., Derocher et al., 2004;
Stirling and Parkinson, 2006, Molnár et al., 2010).
Molnár et al. (2010) use a mechanistic approach to predict polar bear survival that involves
establishing a relationship between physical measures (size and structure) and body composition to
determine how energy stores are incrementally depleted as polar bears spend longer periods on land
during the ice-free season. The model is parameterized with measurements of captured polar bears in
western Hudson Bay and daily maintenance costs that are based on past patterns of average daily weight
loss experienced by the bears until they return to the ice (Atkinson et al., 1996; Molnár et al., 2009).
Molnár et al. (2010) use the model to predict the proportions of adult males that will starve to death as the
ice-free season expands to 180 days, a scenario predicted as ice conditions worsen in response to
climate change. The model takes into account somatic maintenance costs and the effects of limited
-1

movements (2 km d ) but does not allow for energy influx into the system from consuming additional food
on land.
Molnár et al. (2010) justify not including a food intake parameter with the assertion that there is no
“energetically meaningful” food available for polar bears to eat. They cite Hobson et al. (2009) who found
that polar bears only utilize fat accumulated from hunting seals prior to coming ashore for energy based
on “marine” (as opposed to “terrestrial”) stable carbon isotope signatures in exhaled CO2 of polar bears
captured on land. Because energy utilization pathways can change under conditions of extreme stress
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(which polar bears may experience when captured; Cattet, 2000) and since land-based foods, such as
geese and marine algae, can possess a marine signature (McMillan et al., 1980; Hobson et al., 2011)
their assertions may not be valid.
Polar bears are opportunists (e.g., Derocher et al., 1993; Thiemann et al., 2008) and have been
documented consuming various types and combinations of land-based food since the earliest natural
history records (e.g., Koettlitz, 1898; Pedersen, 1966; Van der Brugge, 1633 as cited in Koch 1975;
Gormezano and Rockwell, 2013b). While subadults and family groups have been most often observed
pursuing terrestrial animal prey (Iles et al., 2013; Stempniewicz et al., 2013) and eating plants such as
berries (Derocher et al., 1993), the spatial distribution of polar bear scats and personal observations,
suggest that at least some adult males currently consume plants and animals during the ice-free period
(Gormezano and Rockwell 2013b). In the absence of genetic analyses, the proportion of adult males
using land-based resources is not yet known, but it is reasonably assumed that if such foraging occurs
and yields some energetic benefit it will increase in frequency (e.g., through social learning) as the needs
intensify (Gilbert, 1999; Estes et al., 2003).
In this paper, I recreate Molnár et al.’s (2010) model to predict future survival of adult male polar
bears as the ice-free season expands to 180 days, but consider a scenario in which nutritionally stressed
bears seek additional terrestrial food when available. Because polar bears have always consumed food
on land and such feeding is already incorporated into daily weight loss patterns used to build the model, I
only include novel animal foods (caribou, Rangifer tarandus, eggs and Lesser snow geese, hereafter
snow geese or LSGO, Chen caerulescens caerulescens) that have more recently been identified in the
land-based diet (Gormezano and Rockwell, 2013a). The recent population increases of snow geese and
caribou (i.e., 1980s, 1990s) have made them more available to arriving bears, which coincides with the
onset of advance in spring ice-breakup (Gormezano and Rockwell, 2013a).
Furthermore, as polar bears come ashore earlier they will overlap more of both the incubation periods
of snow geese and calving of caribou, potentially creating a new trophic match on land to compensate for
the growing mismatch with seals on the earlier disappearing ice. Two plants that polar bears frequently
consume are also considered, berries (blueberry, Vaccinium uliginosum; crowberry, Empetrum nigrum)
and the seed heads of Lyme grass plants (Leymus arenarius). Berries, although predominantly inland,
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can occur within 1 km of the coastline where they would be easily accessible to adult males who have
been documented consuming them (Derocher et al. 1993). Lyme grass is plentiful along a large portion
of the coastline, where it is accessible to many bears as they arrive on land (Lunn and Stirling, 1985;
Gormezano and Rockwell, 2013b).
To evaluate the potential effectiveness of each food toward fulfilling daily energy requirements of
adult males projected to starve while on land for 180 days according to Molnár et al. (2010), I address
these questions:
(1) How many individual or combined units of each animal sex and age class (e.g., clutch of eggs,
caribou calf) would need to be consumed or how much effort in terms of distance traveled and time
eating plants would be necessary to prevent starvation in each adult male polar bear?
(2) What is the total energy potentially available to polar bears each day from snow geese, eggs and
caribou?
(3) How many starving adult male polar bears could be supported by each animal food source?
It is important to note that, in the absence of rigorous estimates of size-specific locomotive costs for
different foraging behaviors (Chapter 5), predictions of food available need to be considered absolute
maximums. Once new energetic studies are performed and data become available, these predictions
may have to be depreciated to account for movement and capture costs above those already included.
Also, there are many factors that could affect the future utility of the these food sources for polar bears
including how each prey species is affected by climate change, the method of procurement and the
utilization of different macronutrients for energy. Finally, given the comparably lower direct energy return
for plants, the value of this foraging is discussed in the context of its inclusion in a mixed diet, commonly
observed in polar bears (Gormezano and Rockwell, 2013b) and other bears species.

Methods
Polar bear energy budget during the ice-free season
I use a 2 component, dynamic energy budget (DEB) model (Kooijman, 2010) developed by Molnár et
al. (2010) to track daily energy expenditures and potential deficits that polar bears could accrue while on
land as the ice-free season expands. Daily expenditures are presented as the change in storage energy

101
utilizations for somatic maintenance and movement over time. Although other channels of energy
utilization are possible (e.g., Lika and Nisbet, 2000; see Discussion), for simplicity, Molnár et al. (2010)
assume all energy is channeled through storage. Storage energy estimates for polar bears during the
ice-free season are derived from a body composition model from Molnár et al. (2009) that distinguishes
between energy stores (E) and structural volume and tracks changes in both over time. Assuming strong
homeostasis, the model is parameterized with estimates of metabolic rate and fat reserves from polar
bears (e.g., Arnould and Ramsay, 1994; Atkinson and Ramsay, 1995; Atkinson et al., 1996) and other
body composition parameters from black and brown bears (Farley and Robbins, 1994). These
parameters were modeled with straight-line body length and total body mass of different sex and age
classes of polar bears captured on land in western and southern Hudson Bay and based on the these
relationships, energy stores were estimated from total body mass and straight-line body length and
structural volume was estimated from straight-line body length.
In addition to somatic maintenance and movement, other draws on storage energy, such as
thermoregulation, structural growth and reproduction are not accounted for because application of this
model is limited to adult male polar bears ($ 7 years old). This demographic group does not have
reproduction costs (during this season), has reached maximal structural size and is assumed to be in a
thermoneutral state due to the relatively mild climate during the ice-free season (Best, 1982). Further,
there is no influx of energy through the environment because Molnár et al. (2010) assume that
“energetically meaningful” food is unavailable leaving polar bears to rely solely on their energy stores for
survival.
The general model illustrating how daily expenditures change as a function of somatic maintenance
and movement is from Eq. (2) of Molnár et al. (2010):

!"
!"

! !!!!!!!!! !!"#$!! !!!!!!!!!!!!!!!! !!!!! ! !!! !!
Somatic maintenance

[1]

Movement

where somatic maintenance is assumed to be proportional to the costs associated with maintenance of
lean body mass (LBM) and the metabolic rate (m) is the energy required to maintain a unit mass of lean
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tissue (Molnár et al., 2009). Movement costs were derived from an allometric equation describing how
b

costs change as a function of total body mass, M. The first component, postural costs, (aM ) describes
d

metabolic costs associated with standing and the second, cM v, describes how energy consumption
increases linearly as a function of velocity, v (Schmidt-Nielsen, 1972; Taylor et al., 1982).
Equation [1] can further be expanded and parameterized using the body composition model by
Molnár et al. (2009):

!"
! !!!! !! ! ! ! ! ! !!"# !!! !
!"
Somatic maintenance
!!!!!!!!!!!!!! ! !! ! ! !!"# !!!

!

! !!! !! ! ! !!"# !!! !! !

[2]

Movement

where ! represents the energy density of storage, ! is the proportion of storage mass that is fat and
!!"# ! is a constant to estimate structural mass from straight-line body length, L. Storage energy, E, can
be expressed as a function of total body mass and straight-line body length (Molnár et al., 2009; Eq.
(11)):

! ! !!!! ! !!!" !!! !

[3]

Following Molnár et al. (2009), body composition and maintenance parameters were estimated as!! !
-1

-1

-1

-3

!!!"#!MJ kg d , ! ! !"!!"!MJ km , ! ! !!!"#! !!!"# ! !!14.94 kg m and movement parameters were
-1

estimated as a = 0, c = 0.0214 MJ km and d = 0.684 (Molnár, 2009). Parameter b is not reported but I
assume this is because a = 0, so postural costs must equal zero, regardless of the value of b.
Most adult males are reported to be inactive on land during the ice-free season (Latour, 1981),
-1

however, movement rates of approximately 2 km d have been reported (Derocher and Stirling, 1990) in
western Hudson Bay. Molnár et al. (2010) consider both scenarios, where v = 0 (i.e., somatic
-1

maintenance only) and v = 2 km d for calculations of energy costs. Also, they observed little variation in
straight-line body length among the adult males sampled, so a mean length (L = 2.34 m) was used in all
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calculations. With initial energy stores, E0, the time to death by starvation can be computed by
numerically integrating Eq [2] and solving for time T when E(T) = 0 (Molnár et al., 2010). Two ice-free
season threshold lengths were used to compare starvation rates among adult males during times of
contrasting climate conditions: 120 days, typical of the 1980s, and 180 days to represent potential future
conditions as warming trends progress. Using measurements for 97 adult male polar bears captured in
1989-1996, and assuming those sampled bears are representative of all adult males in the western
Hudson Bay population, Molnár et al. (2010) estimated that approximately 3% died of starvation at the
-1

end of a 120-day period if resting and 6% if walking 2 km d . As that period expands to 180 days, 28%
and 48% would die of starvation if resting or walking, respectively. For sake of reference, adult males
comprise approximately 25% (234 polar bears) of the western Hudson Bay population (N = 935 in 2004)
based on proportions captured during darting operations once surveys were expanded to include all age
and sex classes (Regehr et al., 2007).
To reproduce their results, I computed energy density values (E/LBM) for sequential mass values (in
1 kg intervals) using Eqs. [2] and [3]:

!
!!! ! !!"# !!! !
! !!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!"# !! ! ! ! ! !!! ! !!"# !!! ! ! !!"# !!! !

and matched the mass values associated with the energy densities for 97 adult male polar bears
extracted from Fig. 3 in Molnár et al. (2010). Using discrete numerical calculations, I reproduced the daily
energy usages for each of the 97 adult male polar bears under scenarios of resting or walking and for 180
days. Under scenarios of resting and walking, I iteratively calculated the daily energy required to prevent
starvation by adding the somatic maintenance and movement costs (v = 2) for the mass that the bear was
on the day before energy stores reached zero. Movement costs were added to the new daily energy
requirements regardless of whether these bears had been “moving” prior to starving because movement
would be necessary to obtain food from that point forward. The daily energy requirements were summed
across all remaining days within the 180-day span for each starving bear (hereafter total energy deficit)
and ranked by total value. These data are illustrated by listing the number of starving polar bears with
total energy deficits in sequential 50,000 kcal groupings.
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Food availability during a 180-day ice-free season
Although sea ice concentration and extent have delayed freeze-up in parts of Hudson Bay (Hochheim
et al., 2010), expansion of the ice-free season thus far has mainly been attributed to earlier breakup
(Gagnon and Gough, 2005; Stirling and Parkinson, 2006). For this reason, I only consider an annual
advance in spring sea-ice breakup to predict when Hudson Bay would be ice-free for 180 days and thus
when polar bears would be forced ashore for that duration. I calculated this date by projecting a 0.72 d
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yr advance from the average breakup date observed in the 1980s (1980-1989; Rockwell and
Gormezano, 2009), when an ice-free period of 120 days was typical (Molnár et al., 2010). The year when
this annual advance resulted in a 60-day expansion of the ice-free period (180-120=60) was 2068.
To estimate snow goose arrival, breeding and molt during the 180-day ice-free season, I projected
-1

-1

the mean hatch date in 2068 based on a 0.16 d yr advance from 2008 (21 June; see Chapter 3).
Caribou are cued to initiate spring migration to the calving grounds based on day length and studies in
other caribou populations indicate that calving date has advanced little in response to climate change
(Post and Forchhammer, 2008). I, therefore, used the 2013 estimated calving date, 1 June, for energy
calculations in 2068. Some evidence suggests that flowering and seed set of some plants is advancing
with warming temperatures (Mulder et al., in prep), however, the extent to which this is occurring is yet
unclear. Therefore, for calculations of future availability, I used historical estimates for lyme grass seed
and berry density and emergence described earlier. For sake of simplicity, I used 2013 estimates of
population size for LSGO (71,068 nesting pairs) and caribou (minimum count of 3000) for energy
calculations in 2068.
Energy compensation to starving polar bears
As explained in more detail in the Discussion, translating energy available into energy required to
prevent starvation is difficult in a species for which there is little information available on actual terrestrial
foraging behaviors or the energy costs and dynamics associated with those behaviors. While I examine
those in more detail in the two subsequent chapters (Chapters 5, 6), I make an initial attempt at
integrating the energy available with energy needed by examining maximum potentials and then compute
the foraging efficiency that would be required for the translation.
I tabulated the total energy that would be available from each food in 2068 as the ice-free season
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expands to 180 days. I then compared these energy estimates to different deficit levels that are projected
for polar bears that will be susceptible to starvation (28% of resting and 48% of walking bears) according
th

to Molnár et al.’s (2010) model. Total energy deficits for each starving bear were ranked into 5 (highest
th

th

th

th

energy requirements), 25 , 50 , 75 and 95 (lowest energy requirements) percentiles with each
computed from the average of all energy values falling within 2.5 percentage points (above or below)
each of the aforementioned percentiles. I then calculated how many units of each food item (e.g.,
clutches of eggs, individual animals, days of berry or seed foraging) could maximally compensate for the
total energy deficits of starving bears in each of the 5 energy condition percentiles for bears that were
-1
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either resting or walking 2 km d prior to starvation assuming only the added 2 km d movement costs
(and no additional energetic cost) to procure each food item. Also, because polar bears often consume
different foods together (Gormezano and Rockwell, 2013b), I provide an example of potential
combinations of foods, based on patterns observed in polar bear scat, that together compensate for total
energy deficits in each percentile for resting or walking bears.
Adult male polar bears have been observed pursuing and consuming each of the food items
discussed, which suggests that the behavior could become widespread through social learning and
energetic need (Estes et al., 2003; Iles et al., 2013). For this reason, I also modeled the total number of
starving adult male polar bears that could be supported by each of the animal food items (eggs, LSGO,
caribou) as the ice-free season expanded to 180 days. For each day polar bears overlapped a food
source, the total available energy from each food (eggs, goslings, pre-hatch adult females, flightless
adults, calves, yearlings, cows, bulls) was tabulated. For this analysis, I only considered an “average”
year for gosling survival and used the minimum estimate of 3000 caribou in the Churchill area. Using
Molnár et al.’s (2010) proportions of 97 adult male polar bears that would starve in 180 days, I calculated
-1

the energy needed for somatic maintenance and movement costs at 2 km d (whether or not they had
been walking previously) at the mass the day before they would starve (E(t) = 0). Because most of the
starving bears depleted their energy reserves at approximately the same mass (! = 191.93 kg, SD =
0.2512) the daily energy requirements (including both somatic and movement costs) did not differ much
-1

between individuals so I used the mean value (4450.28 kcal d , SD = 5.37) in calculations. I divided the
total energy value of each food item, summed across days, by the mean daily energy deficit (4450.28
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kcal) multiplied by the maximum number of days that a starving polar bear would need daily energy
supplementation (122) to obtain the minimum number of adult male polar bears coming ashore
susceptible to starvation that could be supported by each food. This is a conservative estimate of
supported bears because individual bears depleted their energy reserves at various points within the 180day span depending on their arrival mass, but most would not need supplemental energy until after day
-1

58 (180-122 days). The lack of procurement costs, other than those for movement 2 km d , in
calculations of daily energy requirements may lead to overestimation of the number of bears supported by
each food item so these estimates should be considered the maximum limits.
The amount of berries and lyme grass seed heads that could be consumed would depend on the
distance traveled by each adult male assuming that densities of each food item in the Hudson Bay
lowlands have not changed much since historic estimates. To evaluate the potential value of each plant
with respect to travel distance I first computed the average daily digestible energy from berries (1514.17
kcal) and seeds (1115.30 kcal) available to polar bears in August (1703.44 kcal), September (1135.63
kcal) and October (1703.44 kcal) for berries and July and August (both 1115.3 kcal) for seed heads.
Second, I divided the average daily digestible energy by the average daily distance traveled during these
-1
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months for berries (1.87 km d ) and seed heads (2.1 km d ) to obtain the available energy per km
travelled (811.16 kcal, 531.10 kcal) that could be obtained from berries and seed heads, respectively. I
-1

then calculated the available energy from each food when traveling between 0.5 and 15.0 km d (in 0.5
km intervals) and divided each value by the daily energy required to sustain an adult male traveling at
each respective speed. Both somatic and movement costs (at v = 0.5 through v = 15.0) were calculated
based on the mean mass just prior to starvation (191.93 kg). The speeds at which the ratio of available to
required energy was 1, denoted the minimum distance that a polar bear would need to travel to
compensate for their total energy deficit by consuming only berries or seed heads.
The profitability of vegetation can be further limited by the time required to consume all the plants
within the path. Abundance of berries, in particular, can vary across the landscape (L.J. Gormezano,
pers. obs.). To reflect potential heterogeneity in search effort required, I modeled the time required to
-1

consume all fruits within a bear’s path when traveling between 0.5 and 7.0 km d when consumed at
-1
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moderate (20 g min ) or high (30 g min ) intake rates (Welch et al., 1997). The distances at which berry
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intake compensated for travel costs were compared to the times required to travel those distances at
different intake rates. I considered 12 hours, the maximum time grizzlies have been observed foraging on
berries (Welch et al., 1997), to be the upper limit on daily foraging for berries by polar bears. Also,
volumes of berries relative to mean body mass (i.e., the day before starvation; 191.93 kg) were calculated
to determine if gut capacity (34% of body mass) was reached and could be a limiting factor on extended
berry foraging. I should note that costs associated with walking at a specified speed (as modeled by
Molnár et al., 2010) are assumed to be equal to the costs of movement at that same rate while
consuming vegetation.
Recreation of energy profiles for individual polar bears and other computations were completed using
R 3.0.1 (R Development Core team, 2013 version 3.0.1).
Computing the potential caloric values of land-based foods
Snow Geese
In 2006, the nesting population of snow geese on the Cape Churchill Peninsula (CCP) was estimated
to be 48,885 pairs (Rockwell and Gormezano, 2009). In response to management actions taken to
control the Mid-continent Population of snow geese, adult survival had been reduced since 1996 and the
population was thought to be nearly stationary (Rockwell et al., 2012). After 2006, however, adult survival
increased (Koons et al., 2013) and the population has again been growing at its pre-management rate of
&=1.05 to 1.06 (R.F. Rockwell, unpublished data). Because a complete inventory of the CCP snow geese
is not scheduled until 2016, I estimated the current population by projecting the 2006 value forward with
7

the midpoint of the population growth estimate as 48,855 # 1.055 = 71,068 pairs of nesting geese.
I use the fat and protein content of newly laid snow goose eggs estimated by Badzinski et al. (2001)
and describe the changes in caloric worth over the 24-day incubation period from patterns of decline as
the yolk content is consumed by the embryo (Romanoff, 1967; O’Connor, 1984). I projected a peak hatch
date of 20 June for 2013 based on 0.16 day per year advance since 2006 (21 June) described in
Rockwell and Gormezano (2009). The actual hatch date will vary over a span of 7 days each year due to
asynchronous nest initiation (Rockwell and Gormezano, 2009). Using the peak (or mean) hatch date will
result in a slightly different projected overlap with polar bear arrival from what was reported earlier based
on annual advance rates (Rockwell and Gormezano, 2009). Assuming a 1:1 sex ratio among adults
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(Cooke et al., 1995) and all females bred, I estimated energy values for 71,068 clutches and 284,272
eggs, using a modal clutch size of 4. I calculated values for partial clutches for the 3 days after laying
was initiated until day 4 when most clutches were complete (i.e., contained 4 eggs) and assumed that
both eggs and adult females would be vulnerable to predation during laying and incubation. A daily nest
survival rate was computed based on an overall nesting success of 91.5% over the 24-day incubation
period !!!!"# ! !!!"#

! !"!!"#$

(Rockwell et al., 2011). See Chapter 3 and Rockwell and Gormezano

(2009) for further details on calculations of energy of snow goose eggs.
Post-hatch gosling survival varies annually, depending, in great part, on the degree to which hatch
coincides with peak emergence of wetland grasses (e.g., Puccinellia phryganodes) that goslings forage
upon (Cooke et al., 1995). Years of closer match between hatch and peak emergence of graminoids
(hereafter “good years”) results in higher survival rates 30 days after hatch (e.g., 2013 s = 0.795,
computed from the decline in the proportion of goslings between hatch and banding operations 30 days
later when the proportion of goslings is again estimated). Years when hatch precedes graminoid
emergence (hereafter “bad” years) result in lower survival during the same period (e.g., 2007, s = 0.525).
The number of goslings on day 1 (260,109) was computed from the proportion of successful nests
multiplied by 4 (modal clutch size). Gosling numbers from day 2 to 30 were computed using daily survival
estimates for good !!!!"# ! !!!"#
!!!"#$ ! !!!!"

! !"!!"#$

! !"!!"#$

, bad !!!"#$ ! !!!"!

! !"!!"#$

and an average year

, using the midpoint of good and bad.

Fat and protein values were available for neonates (Ankney, 1980), however only body mass and
protein measures could be obtained for growing goslings (at days 31 and 43) from Akimiski Island,
Nunavut (Badzinski et al., 2002), where snow geese are generally smaller than those nesting further
north on the CCP (R.F. Rockwell pers. obs.). To establish general relationships describing increases of
both protein and body mass, based on 3 measures (days 1, 31 and 43), I calculated the daily average
geometric growth rates between measurements using the following equation:
!"#$%!!"#$%!!!"#$ ! ! !!!! !!

! !!!! !!!

where m is the measured content (e.g., mass, protein) in kilograms and t is time in days between i

[5]
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measurements. Between days 1 and 31 daily increases in protein and mass were 1.1164 and 1.0988
grams, respectively, and between days 32 and 43, growth slowed to 1.0175 and 1.0128 grams of protein
and mass, respectively.
To relate the proportion of protein to mass of the goslings observed on Akimiski Island to the larger
ones on the CCP, I first used regression to establish a general relationship of how body mass of CCP
goslings changes through the growth period. Using body mass values of neonates from the McConnell
River in Nunavut (i.e., similar mass to CCP neonates; Ankney, 1980) and those from the CCP from days
23 to 50 (R.F. Rockwell, unpublished data), I fit a power function to describe changes in body mass with
2

time (! ! !"!!"#! !!!!"" ; R = 0.99). I then multiplied ratios of protein to body mass calculated from the
Akimiski Island gosling data (Badzinski et al., 2002) to the masses of goslings in CCP to estimate daily
protein content.
To estimate fat content of goslings, I used a lipid index model from Aubin et al. (1986; Table 4b) that
describes how fat reserves decrease with gosling age. I scaled the index units to known lipid values (in
grams) for neonates (i.e., day 1; Slattery and Alisauskas, 1995, Badzinski et al., 2001) and fit the data to
2

a power function (! ! !!!"#! !!!!!" ; R = 0.74) that predicts daily fat content and suggests a drastic drop
after day 3 when the remaining yolk is exhausted by the gosling. Grams of fat and protein were
-1

converted to gross energy using standard coefficients of 9.39 and 4.30 kcal g , respectively (Robbins,
1993; Schmidt-Nielsen, 1997). I further scaled these by the digestibilities of fat and protein for polar bears
(0.97 and 0.84, respectively) provided by Best (1985).
Both adult males and females are present during incubation, however, females of both snow geese
and common eiders (Somateria mollissima) have been observed being attacked by polar bears while
guarding their nests (R.F. Rockwell, pers. obs) suggesting that females are vulnerable to predation during
this period even though capable of flight. For this reason, I include the caloric value of adult females (not
males) from the initiation of laying through hatch using fat and protein values from Ankney and McInnes
(1978). I fit a power function (y = 2E+19x

-7.31

2

; R = 0.99) to the calculated available energy (kcal) modeled

with time for the laying, early and late incubation periods and predicted daily energy values from day 1 of
incubation through hatch for 35,534!females.
Approximately 18 days after hatch, adults begin molting their flight feathers (Cooch, 1957; Hohman et
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al., 1992) and both sexes are vulnerable to predation (e.g., Russell, 1975; Iles et al., 2013). I calculated
the available energy (kcal) from protein reserves (fat content is negligible) of both adult males and female
during the post-hatch, early and late molt periods (Ankney and McInnes, 1978; Ankney, 1979). A linear
regression model was fit to the average available energy of males and females with time (y = 2E+06x
1.491

-

2

; R = 0.63) and used to predict energy values from the beginning of molt (2 July) to flying,

approximately 4 weeks later (2 August). Gross energy from protein was scaled by Best’s (1985) estimate
of digestibility (0.84).
Caribou
Unlike the case for snow geese, there is no long-term database available for the caribou of the CCP.
In generating our estimates of available calories, I have relied on all information there is on this herd and
information from studies of mostly nearby herds. Rigorous population surveys are lacking for the
Churchill caribou herd, however recent counts (in 2005 and 2012) suggest a stable minimum population
size of approximately 3000 animals (R. Brook and C. Elliott pers. comm.; Brook and Richardson 2002;
Gunn et al., 2011). Using this value as a lower limit, I consider caloric values from a total of 3000, 4000
and 5000 individuals (Brook and Richardson, 2002; Gunn et al., 2011; D. Hedman, pers. comm) to reflect
the uncertainty surrounding population size. The number of adults was estimated based on a sex ratio of
0.85:1, males to females (Stuart-Smith et al., 1997).
Calves were most often first sighted on or around 1 June in the CCP (R.F. Rockwell, pers. comm.), so
this date was chosen as day 1 to determine calf composition based on daily growth with age. This date
seems reasonable since it occurs midway between peak calving in the Pen Islands herd to the south (1728 May; Abraham and Thompson, 1998; Abraham et al., 2012) and the Qamanirjuaq herd to the north (515 June; Russell et al., 2002). Although data from collared females in the Churchill herd indicate that
adult females typically migrate toward the coast in April, I considered all age and sex classes of caribou to
be vulnerable to predation by polar bears from the onset of calving (1 June) until they leave the coast by
15 October (total days = 137 days; V. Trim, pers. comm.)
Calf survival was based on observed proportions of calves in the population and estimates of
mortality during different times of the year. I used an estimate of 21.1% calves during the post-calving
period (~ 1 July) based on counts in 2008-2009 in the Pen Islands Herd (16.1, 23.1, respectively;
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Abraham et al., 2012). I estimated calf mortality (28.6%) from birth to the post-calving period (1 July),
based on average mortality estimates for the Porcupine herd in Alaska during the first month after birth
(1983-1985; Whitten et al., 1992). Using the proportion of calves present in the population on 1 July
(21.1%) and calculating the average daily survival from 1 June (birth) to 1 July !!!""" ! !!!"#

! !"!!"#$

,

I estimated that neonate calves (prior to mortality) comprised 29.6% of the population. I used an estimate
of over-winter calf survival (14.7%) based on average calf to adult ratios (17.2:100) from late winter
surveys of the Churchill herd conducted in 2012 and 2013 (V. Trim, pers. comm.) to calculate the survival
rate (0.6967) from 1 July to 1 March based on the average change in proportion of calves in the
population during this period. The average daily survival rate during this period was calculated in a
similar fashion as above !!!!"# ! !!!"!#

! !"!!!"#$

.

I also used the proportion of calves in the population that survived the winter (14.7%) to estimate the
proportion of yearlings available during summer. Given that 12-15% recruitment is generally considered
to be the threshold for population stability in caribou populations (Bergerud, 1996) and the Churchill herd
is considered relatively stable (Gunn et al., 2011), an estimate of 14.7% is not unreasonable.
The fat and protein content (kg) of adult females and calves at different stages of growth were taken
from Gerhart et al. (1996) based on data from the Central Arctic and Porcupine herds. Gerhart et al.
(1996) developed a series of equations to predict fat and protein content of caribou from measurements
-1

of total body mass (kg). I used standard coefficients, 4.30 and 9.39 kcal g , to convert predicted fat and
protein, respectively, to gross energy. Available energy was calculated using digestibilities of fat and
protein (0.97 and 0.84, respectively) provided by Best (1985). Energy values for adult males and
yearlings were predicted using these relationships from body mass (kg) values of Svalbard reindeer (for
adult males; Reimers and Ringberg, 1983) and Svalbard reindeer and caribou (for yearlings; McEwan
and Wood, 1968; Reimers and Ringberg, 1983) at various time of the year.
Daily changes in fat and protein composition for adults, yearlings and calves were calculated using
equation [1]. Daily growth rates of fat and protein in calves were calculated based on measurements
obtained for 1 Jun, 27 Jun, 23 Oct., 11 Sep. 13 Oct., corresponding to days 1-134 from birth (Gerhart et
al., 1996). Measurements for adult females were obtained for 7 May, 7 Jul., and 3 Oct. (Gerhart et al.,
1996). I obtained monthly estimates of body mass for adult males and yearlings and estimated daily
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growth rates from the mid-point of each month, including May, Jun., Aug., Oct. (and Nov. for adult males
only; McEwan and Wood, 1966; Reimers and Ringberg, 1983).
Berries
Although polar bears are known to consume many species of berries in the CCP including blueberry,
crowberry, bearberry (Arctostaphylos alpina and A. rubra), cranberry (Vaccinium macrocarpon and V.
vitis-idaea), soapberry (Shepherdia canadensis) and strawberry (Fragaria virginiana; Russell, 1975;
Derocher et al., 1993; Dyck and Romberg, 2007; Gormezano and Rockwell, 2013a; L.J. Gormezano,
pers. obs.), I only estimated the caloric value of two of the most common species observed in the polar
bear diet, blueberries and crowberries (Derocher et al., 1993, L.J Gormezano, pers. obs.). Polar bears
consume blueberries and crowberries from when they ripen in mid to late August (Johnson, 1987)
through October, with peak consumption occurring in September (Derocher et al., 1993). For
calculations, I assume berries are accessible for an 8-week span, from 15 August to 15 October.
-1

To calculate availability, I used density estimates of 2,629 and 18,890 g ha of blueberries and
crowberries, respectively, by West (1973) in the Hudson Bay lowlands. Berry densities are higher inland
but extend to within 1 km of the coast in more upland habitat (L.J. Gormezano, pers. obs.), therefore,
berries could, in theory, be accessed by all polar bears. Based on this assumption, I estimated the
maximum daily amount of berries available to each bear by multiplying the average movements for each
sex/age class (i.e., females with and without cubs, yearlings, subadult females, subadult males and adult
males) for August, September and October (Derocher and Stirling, 1990) by the grams of berries
available along their hypothetical path, assuming a 1.5 meter path width. I assume the polar bears’
standing reach would be 1 meter (covering the area beneath their chest and directly in front) and 1.5
meters across (covering from side to side).
I obtained average protein (g), fat (g), carbohydrate (g) and kJ per 100 g of blueberries (0.73 g, 1.77
g, 10.60 g, 216.67 kJ, respectively) and crowberries (0.42, 0.98, 10.80, and 199.2 kJ, respectively) from
multiple sources (Kuhnlein and Soueida, 1992; Kuhnlein et al., 2002; CINE, 2007). I used digestibilities of
blueberries (0.72) and crowberries (0.49) by Welch et al. (1997) that were found not to differ between
grizzly and black bears. Daily digestible energy available to each bear was computed by multiplying the
grams of berries available along their path by the energy available (converted to kilocalories) for each
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berry species.
I evaluated whether all berries along their path could realistically be consumed within a 12-hour
maximum foraging period typically observed in grizzly bears by calculating the foraging time at both
-1
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moderate (20 g min ) and high (30 g min ) intake rates (Welch et al., 1997). I found that all sex and age
classes could consume all berries on their paths within 9.5 and 6.3 hours at moderate and high intake
rates, respectively. Also, maximum potential berry consumption per day did not exceed 11.2 kg (i.e., for
solitary females), which is well below the maximum gut capacity threshold (34% of body mass) observed
in grizzly bears (Welch et al., 1997).
Lyme grass seed heads
Spikes containing multiple seed heads emerge on Lyme grass plants in early July and remain until
late August (~8 weeks; Johnson, 1987). They grow in the sandy substrate of the primary and secondary
beach ridges along the coast but occur at various densities depending on their position within the dune
system (Imbert and Houle, 2000). Further, the number of seeds per spike and seed mass can vary
depending on the successional stage of the site (Greipsson and Davy, 1995). Storm surges in Hudson
Bay have caused extensive erosion to sections of the coastline, “resetting” succession in heavily
impacted areas (K. Burke, pers. comm.). To account for heterogeneity in density and successional
-2

stages across the dune system in the CCP, I took an average density of Lyme grass ramets (37.70 m )
across a dune system in Kuujjuaraapik, Quebec (Imbert and Houle, 2000) and average seed number per
spike (95.33) and average seed mass (0.0049 g) from early, mid and late successional stages from dune
systems across Iceland (Greipsson and Davy, 1995). Based on a digital map of the Hudson Bay coast
(Brook, 2001), I estimated that approximately 1% of the habitat within 1 km of the coast where polar bears
generally reside would be inhabited by Lyme grass.
I calculated availability of seed heads to all sex and age classes of polar bears based on both
average daily movements and median distances encountered from the coast (Derocher and Stirling,
1990). Average daily movements during July and August (Derocher and Stirling, 1990) were multiplied by
the estimated mass of seed heads within 1.5 x 1.0 km area (assuming polar bears have a 1.5 m reach on
either side; !"!!"! !! ! !"!!! ! !!!!"#! ! !!!"! ! !!!! ! !"""!) to calculate the total mass of seed heads
potentially encountered by individual bears of each sex and age class per day. Because lyme grass is

114
concentrated mainly along the coastline, I further limited availability to sex and age classes that were
captured or resighted within a median distance of 1 km from the coast (Derocher and Stirling, 1990). This
included male and female subadults and adult males in July and adult males in August. I chose to use
the median rather than the mean to avoid effects of long distances recorded for a few individuals in each
class, potentially skewing the distribution.
-1

The energy content of lyme grass seeds was estimated at 4.19 kcal g (Leeds, 1991 as cited in
Gu%mundsson, 1996). Protein and fat content could not be obtained, but carbohydrates were estimated
from a breakdown of the simple sugar types found in the seeds (MacLeod and McCorquodale, 1958)
converted to kcal using the relevant heat of combustion estimates for each molecule size (Merrill and
-1

Watt, 1973; Southgate, 1981), yielding an estimate of 0.0684 kcal g . That study did not, however,
account for the more complex carbohydrates that graminoid seeds often contain (Stoddart, 1964;
Southgate, 1969). To account for these constituents, I estimated the starch (8.2g), hexose (1.8g) and
pentose (1.1g) content from the flour of a related species, domestic rye (Secale cereale; Southgate,
1969), using similar conversion values as above (Merrill and Watt, 1973), and estimated an additional
-1
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0.46 kcal g , bringing the total gross energy from carbohydrates to 0.53 kcal g . Due to the high
cellulose content, I used a conservative digestibility proportion (0.483) based on digestibility of an alfalfagrain diet by grizzlies (Pritchard and Robbins, 1990).

Results
Of the 27 (28% of 97) starving resting adult male polar bears sampled by Molnár et al. (2010), most
(10) experienced energy deficits of less than 50,000 kcal. Of the 47 (48% of 97) starving walking adult
males, most deficits (27) were less than 100,000 kcal, with the majority falling between 50,000 and
100,000 kcal (Fig. 1)
Potential energy available from land-based foods
The energetic value of all stages of LSGO (eggs, goslings, adults) calculated for the 2013 population
size was approximately 11,702, 10,959 or 10,334 million kcals depending on whether it was a good,
average or bad gosling survival year, respectively. During an average gosling survival year, eggs, prehatch adult females and flightless adults comprised 11.8%, 31.2% and 16.4% of the total kcals available
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to polar bears. Goslings comprised 47.4%, 40.6% and 34.9% of the total available kcals in good, average
and bad survival years, respectively. The number of clutches and their respective caloric values both
dropped over the course of the 24-day incubation period. For example, on day 1 approximately 71,068
clutches were each worth 840.05 kcal, whereas on day 24 the number of clutches drops to 65,027 and
were each worth 493.18 kcal. Goslings, available for 43 days, grew rapidly and range in value from
118.68 kcal at hatch to 1128.23 kcal shortly before flight (!!= 576.61 kcal). Pre-hatch females could
provide the most energy per unit and were most valuable during laying and beginning of incubation
(3394.46 kcal), then rapidly lost weight over the 27-day period, dropping to 1015.84 kcal just before hatch
(!!= 1950.04 kcal). Flightless adults, having exhausted their fat reserves, could provide between 603.76
kcal (post-hatch) to 505.64 kcal (before flight), with an average value of 552.38 kcal over the 25 days that
they were available (Fig. 2).
Caribou can provide a total of 64,307, 51,445 or 38,584 million kcal for an estimated population size
of 3000, 4000 and 5000, respectively. Assuming an average population size of 4000, calves, yearlings,
adult females and adult males comprised 6.2%, 7.8%, 45.9% and 40.1% of the total energy available to
polar bears. Adult females were each worth 70,964.09 kcal at the onset of calving and increased to
141,066.20 kcal by the middle of October (!!= 89,835.99 kcal). Calves and yearlings also steadily gained
mass and were each worth 4,751.22 and 34,132.37 kcal, respectively, on 1 June, and increased to
51,653.94 and 55,921.61 kcal by 15 October, averaging 29,539.02 and 50,072.52 kcals, respectively,
while on the calving grounds. Individual adult males arrived at the calving grounds potentially worth
64,415.41 kcal and steadily increased in value until the onset of the rut (approx. 15 Sep.), peaking at
139,641.91 kcal, then dropping to 118,835.01 kcal over then next month, averaging 105,956.41 kcal (Fig.
3).
Based on reported daily movements on land in summer, each adult male polar bear would have daily
access to 1,703.44, 1,135.63 and 1,703.44 digestible kcal from berries in August, September and
October, respectively (Fig. 4). Based on daily movements and median distance from the coast, each
adult male would also have access to 1,115.30 digestible kcal each day from lyme grass seed heads in
both July and August (Fig. 4)
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Compensation to starving polar bears
Molnár et al. (2010) used the average body lengths (2.34 m) across their sample of adult male polar
bears, leaving initial body mass as the sole determinant (except for movement costs) of whether a bear
would starve during an extended 180-day ice-free season and for how many days energy compensation
would be needed. Assuming the current mean body length has future legitimacy, adult male polar bears
($ 7 years old) would starve shortly after reaching 191.93 kg and would require approximately 4,450.28
-1

kcal d upon reaching that threshold mass to survive.
Adult male caribou could provide the most energy per unit, with less than 5 animals per polar bear (<1
every 27 days) needed to prevent starvation for the entire 180-day ice-free period under scenarios of
resting or walking. Because of the high caloric value of each caribou and the incidences of multiple polar
bears feeding off a single caribou carcass (Fig 5), the exact proportions of each animal that would be
required to meet the daily caloric needs may be important and are presented (Fig. 6a,b). Calves, though
th

considerably smaller, could still potentially support a starving walking polar bear in the 5 percentile with
15.8 units or approximately 1 calf every 8.7 days while they are available. As expected, smaller food
units would require more frequent effort to obtain. For example, to sustain a starving walking bear in the
th

5 percentile ~26 clutches of eggs or 19 goslings would need to be consumed each day. For starving
th

walking bears in 50 percentile, the effort would drop to 10 clutches and 7.5 goslings per day. Berries
-1

and lyme grass seeds consumed at the current movement rates on land (~2 km d ) could only support
th

th

th

starving bears in the 95 (80 to 95 actually) percentile whether resting or walking prior to starvation.
The minimum number of units of each food required to sustain polar bears in each condition percentile
are presented in Fig. 6a.
Given the opportunistic nature of polar bears (Gormezano and Rockwell 2013a,b), combinations of
food items may be a more realistic means to fulfill daily energy deficits, especially since availability of
different age classes of each item does not necessarily overlap (e.g., LSGO, Fig 1). For example, to
th

sustain starving walking polar bears in the 50 percentile would require consuming ~3 egg clutches every
2 days, ~1 incubating female off the nest every 5 days, ~6 goslings per week, 1 flightless adult each day,
1 adult female caribou and spending 10 and 12 days consuming berries and lyme grass seeds,
respectively. Different food combinations for each condition percentile for walking and resting starving
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polar bears are presented in Fig. 6b.
Maximum number of starving adult male polar bears supported by each food
Assuming a polar bear population size similar to the last estimate (935; Regehr et al., 2007) and the
proportion of adult males remains constant (~25%), then the available calories from eggs, LSGO and
caribou would each far surpass the energetic needs of adult males coming ashore at risk of starvation.
To sustain 28% of resting adult males (!"# ! !!!" ! !!!" ! !!) for 117 days (the maximum # days that a
resting starving bear would need supplementation for), the available calories would surpass total energy
required to sustain the starving bears by a factor of 38 for eggs to a factor of 520 for adult female caribou.
Similarly, to sustain the 48% of walking adult males (!"# ! !!!" ! !!!" ! !!!" ! !!") that would be
susceptible to starvation for 122 days (the maximum time needed), the available calories would surpass
those needed by a factor of 21 for eggs to a factor of 291 for adult female caribou. The maximum number
of adult male polar bears that could be supported by LSGO for 122 days is 1,614, 5,551, 4,274 and 2,242
by eggs, goslings, pre-hatch adult females and flightless adults, respectively (Fig. 7). The maximum
number of adult males that could be supported by caribou is 4,378, 5,572, 32,651 and 28,464 by calves,
yearlings, cows and bulls, respectively (Fig. 7).
Polar bears susceptible to starvation during the 180-day ice-free season would need to walk a
minimum of 6.53 and 11.85 km each day to consume enough berries and Lyme grass seed heads,
respectively, to cover daily energy requirements (Fig 8). Depending on intake rates, however, these
distances may not be realistic if polar bears limit berry-eating bouts to 12 hours or less. For example, at
-1

intake rates of 20 g min , a polar bear would reach that 12-hour threshold in 4.46 km and would only
-1

eliminate 73.6% of its daily energy deficit. However, if berries are consumed at 30 g min , adult males
could consume 100% of their daily energy needs in 11.71 hours of foraging per day (Fig. 9). At the
maximum intake rate, polar bears would consume 21.08 kg of berries within those 11.71 hours, which is
well-below the 65.26 kg maximum gut capacity threshold (34% of mass).

Discussion
As the ice-free season expands with earlier spring breakup, polar bears are expected to come ashore
in western Hudson Bay with smaller energy stores (Derocher et al., 2004) causing them to rely on
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terrestrial food sources to compensate for energy deficits and avoid starvation. Molnár et al. (2010)
predicted that, depending upon their activity while ashore, between 28 and 48% of adult male polar bears
would starve to death unless supplemental food was consumed. Upon evaluating the energy value of
novel foods that polar bears currently consume on land, caribou, snow geese and their eggs, I found that
there are sufficient calories to compensate for daily accrued energy deficits of adult male polar bears
expected to starve as the ice-free season expands to 180 days. Vegetation such as berries and lyme
grass seed heads, could also contribute to daily energy requirements but would require increased travel
to acquire and would likely be more valuable if consumed as part of a mixed diet. Viability of relying on
land-based resources, however, likely depends on a number of factors including future prey availability,
polar bear foraging behavior, energy costs associated with prey procurement and physiological utilization
of different macronutrients.
Although local populations of both animal prey items, snow geese and caribou, have grown
substantially since the 1960s (Gormezano and Rockwell, 2013a), future availability is difficult to predict.
Both species have displayed weak phenological shifts in response to climate change, as reproductive
cycles are cued more by day length than air temperature (Post and Forchhammer, 2008; Rockwell and
Gormezano, 2009). As a result, mismatches with emergent vegetation at the peak of goose brood
rearing and peak caribou calving as well as habitat changes have impacted both species (Gunn et al.,
2011; Aubry et al., 2013). Snow geese in the CCP have responded to changes in food availability (mostly
due to destructive foraging) by inhabiting new areas, moving further inland from the coast and consuming
alternative plant species (Aubry et al., 2013). Further, there is evidence to suggest that deficiencies from
mismatches with emergent vegetation at the onset of brood rearing may, in part, be compensated for by
earlier access to berries later in the season (Mulder et al., in prep). Such adaptive responses to
environmental stresses and resilience in the face of rigorous management control attempts (Alisauskas et
al., 2011; Koons et al., 2013) suggests that snow geese may remain a viable future food source for polar
bears.
The resiliency of caribou in the face of progressive environmental change is less certain (Gunn et al.,
2011). Although the Churchill herd is currently stable, studies in other regions have suggested that
increases in variability and advances in emergence of commonly consumed plants with warming
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temperatures have negatively impacted calf survival (Post and Forchhammer, 2008). Other threats have
included replacement of preferred winter forage (i.e., lichen and herbaceous plants) with shrubs and
grasses from forest fires, grazing and warmer temperatures (Russell et al., 1993; Joly et al., 2009; Joly et
al., 2011). Also, projected increases in precipitation would give predators, such as wolves, an advantage
potentially increasing mortality (Griffith et al. 2002). These changes, however, can affect populations
adapted to harsh conditions in different ways (Sharma et al., 2009), so that some populations are
experiencing growth while others decline (Gunn et al., 2011). Given the small number of animals
required to satisfy the energetic requirements of starving polar bears, it is unclear whether even modest
future declines in the Churchill herd would hinder polar bear predation efforts as long as caribou maintain
their current distribution (i.e., along the coast). Encounter rates may decrease with declines in
abundance, but the method of capture (e.g., ambush versus chase) may be more important in
determining predation success (Balme et al., 2007; Creswell and Quinn, 2010).
With the paucity of knowledge regarding energy consumption rates at varying speeds of travel,
especially for adult males (i.e., > 235 kg), it is difficult to fully evaluate the feasibility of the foraging
scenarios suggested. However, based on past and current behavior, it is clear that polar bears are
capable of successfully capturing land-based ungulates, such as caribou (Derocher et al., 2000; R.F.
Rockwell, pers. obs.; Chapter 6) and muskoxen (Ovsyanikov, 1996) and actively pursuing them in
western Hudson Bay and other regions (L.J. Gormezano, pers. obs.; Brook and Richardson, 2002;
Stempniewicz et al., 2013). The mean digestible energy content of a seal, pooled across age classes, is
69,047 kcal (Stirling and McEwan, 1975), which is roughly equivalent to the average worth of an adult
female caribou during June and July, although most of the energy is from protein rather than fat. Using
surprise hunting techniques, such as stalking and ambushing, whereby landscape features (i.e., ice,
water) are used to mask their approach, polar bears are able to successfully capture seals without
engaging in potentially costly pursuits (Stirling, 1974, Smith, 1980). Polar bears have employed these
same techniques on land, using shrubs and physiographic features as cover to surprise caribou (R.F.
Rockwell, pers. obs.; Brook and Richardson, 2002) suggesting equivalent (seal) calories could be
obtained on land without drastic changes in energy output. Further, caribou capture rates (1 every 8.731.1 days) required to sustain starving walking polar bears coming ashore in the worst condition, are
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comparable to capture rates (1 seal every 5.6-24.4 days; Stirling and Øritsland, 1995) of different aged
seals by polar bears in spring and summer.
Consumption rates of eggs and LSGO goslings that would compensate starving walking bears
ranged from 3 to 26 clutches of eggs and 2 to 19 goslings per day depending on daily energy deficits.
High daily depredation rates of goose nests have been reported in populations around the Arctic (e.g.,
108 barnacle goose nests; Drent and Prop, 2008) but can vary depending on nest density and total
availability (Smith and Hill, 1996; Madsen et al., 1998). Based on camera footage of an common eider
colony in western Hudson Bay, polar bears were consuming between 19 and 38 nests per day (D. Iles,
unpublished data) suggesting that the maximum consumption rates required to support starving bears (26
clutches) is not unrealistic. Also, polar bears coming ashore 60 days earlier (as would be projected for
2068), they would overlap the entire nesting period, which would provide substantially more calories to
arriving bears than are currently available (Rockwell and Gormezano, 2009).
Capture rates of goslings and adults are rarely reported (Donaldson et al., 1995; Smith et al., 2010)
but observations of polar bears capturing and consuming up to 3 individuals per day (of various ages)
have been reported for snow geese (Iles et al., 2013). The extra skill and effort required to obtain birds
(as opposed to eggs) might pose limitations on meeting daily energy requirements from birds alone,
-1

however, maximum rates suggested in the combination diet (0.3 to 1.6 goslings d , for example) are quite
reasonable. Further, anecdotal observations of flightless goslings and adult snow geese being consumed
consecutively by the same bear (Iles et al., 2013) and remains of adult snow geese and eggs recorded in
the same scat (25% of scats with eggs) further suggests a combination diet (Figs 5ab) would be a more
realistic means to satisfy daily energy requirements.
The large numbers of starving polar bears that can be supported by each food resource suggest that
surpluses would be available for other age and sex classes coming ashore with energy deficits. It is
important to note, however, that the only costs associated with procurement of prey are a 2 km d

-1

movement cost above somatic maintenance. Similar to lions (Panthera leo), polar bears are considered
inefficient walkers so extended pursuits could reduce energetic returns (Chassin et al., 1976). Pursuits of
geese on land rarely exceed 30 seconds (Iles et al., 2013; R.F. Rockwell, pers. obs.), however, pursuits
of caribou (running, walking and swimming) have lasted up to an hour (Brook and Richardson, 2002; L.J.
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Gormezano, pers. obs.; Stempniewicz et al., 2013) suggesting that costs associated with each capture
(including failed attempts) could be substantial.
Williams and Yeates (2004) calculated an efficiency ratio (benefits/costs) of 3.8 for African lions
pursuing ungulates on land. Given the comparable locomotive inefficiencies between lions and polar
bears (Chassin et al. 1976; Hurst et al., 1982; Chapter 5) it is possible that when polar bears engage in
longer distance pursuits, as opposed to more energy conserving surprise techniques, a similar efficiency
ratio could apply. In a hypothetical example, I applied this ratio to the energetic returns for caribou and
found that it increased capture costs (i.e., above somatic and movement) 1.7, 3.0, 5.3 and 6.3 times their
previous value of approximately 4,450 kcal for calves, yearlings, adult females and adult males,
respectively. Applying these increased costs to the calculation of the number of starving walking polar
bears supported by the total calories from adult male caribou, for example, would reduce the number
supported by 84% from 28,464 to 4,543 bears. Although the exact energetic costs of polar bears
pursuing caribou using different hunting strategies remain unknown, the data presented here provide a
basis to estimate them once the appropriate behavioral and energetic studies have been performed.
Unlike snow geese, eggs and caribou both berries and lyme grass have been observed in the diet
since the earliest polar bear records in the region (Koettlitz, 1898; Pedersen, 1966) and certainly since
before the onset of climate-related environmental changes. Observations of these foods occurring alone
and relatively frequently in scat (Gormezano and Rockwell, 2013ab) suggest that when available they
may be preferred by polar bears although the reason for this is unclear. For adult males at risk of
starvation effectively satisfying daily energy requirements with only berries would require substantial
increases in effort, both in time and distance traveled, and may not even be possible with lyme grass
seed heads.
Dyck and Kebreab (2009) determined that only smaller sized polar bears (< 280 kg) could consume
enough blueberries to prevent daily weight losses on land in summer (at similar intake rates). This
coincides with my observations of more scats with berries found inland (Gormezano and Rockwell,
2013b) where smaller-sized bears (e.g., females with and without cubs, subadults) occur more often
(Derocher and Stirling, 1990). If consumed for their energy, it may be that smaller volumes of berries can
be sufficient to cover the smaller deficits that polar bears (including the estimated 9% of adult males that
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consume them; Derocher et al., 1993) are currently coming ashore with. Specifically, the estimated 85%
gross energy from carbohydrates (from berries; CINE, 2007) could be metabolized immediately for fuel
for daily maintenance, potentially slowing down the exhaustion of stored fat reserves (Derocher et al.,
1993; Hobson et al., 2009).
Past studies sought to test whether land-based foods (e.g., carbohydrates) were being utilized in this
way by examining whether a marine (seal) or terrestrial (berry) stable-carbon signature would be obtained
from polar bear blood (Hobson and Stirling, 1997), bone, muscle and fat (Ramsay and Hobson, 1991)
during summer. Although both studies concluded that polar bears retained a marine signature, and thus
were relying on fat reserves for energy, the carbon from tissues used was likely generated prior to coming
ashore and would not reliably represent current metabolic processes (Hobson et al., 2009). Hobson et al.
(2009) retested this hypothesis by testing carbon dioxide exhaled by anesthetized polar bears and, again,
found that the isotope signatures were almost identical to that of seals (and different from berries). They
concluded that all bears were persisting solely on energy derived from oxidized fat reserves accumulated
while on the ice (Hobson et al., 2009).
It is possible, however, that the metabolic states of the bears in the Hobson et al. (2009) study were
altered due to the biochemical effects of being captured (Chow et al., 2011). Using the same drugs and
capture protocol, Cattet (2000) found that the plasma cortisol levels of polar bears after capture were
extremely elevated and although they decreased 40-50% after 1 hour, he noted that the physiological
effects would continue well after the plasma cortisol levels decreased. He also observed sustained
concentrations of plasma glucose correlated with the cortisol surge and suggested the bears may be
exhibiting insulin resistance (Cattet, 2000). One of the many effects of cortisol is to sensitize adipose
tissue to the action of lipolytic hormones and to cause insulin resistance by decreasing the rate at which
insulin activates the glucose uptake system (Weissman, 1990). As a result, insulin resistance leads to
the disinhibition of lipolysis in humans (Feinman and Fine, 2007). If similar processes occur in polar
bears, the use of fat as a metabolic fuel that Hobson et al. (2009) observed may not represent the
prevalent process, but instead, may have been temporary and triggered by the stress of capture (Chow et
al., 2011).

123
Furthermore, certain foods that polar bears consume on land can complicate results of biochemical
studies to distinguish ‘marine’ versus ‘terrestrial’ sources of expended energy using stable carbon
isotopes ('13C; McMillan et al., 1980; Stephenson et al., 1984; Winiarski et al., 2012). For example,
marine algae (Laminaria spp. and Fucus spp.), typical C4 plants that polar bears commonly consume
from land, are more enriched with carbon and have higher '13C values (-24 to -12‰) compared to most
C3 (terrestrial) plants, although values range widely depending on plant part and time period sampled
(McMillan et al., 1980; Stephenson et al., 1984). Similarly, waterfowl, such as snow geese, Canada
geese (Branta canadensis) and common eiders, summering on land in western Hudson Bay can exhibit
‘marine’ signatures from foraging on plants and animals in brackish marshes (Hobson et al., 2011; Roth,
2002). Muscle '13C values for the aforementioned and other seabirds that polar bears consume can
range from (-22.0 to -15.5‰; Hobson et al., 2002; Roth, 2002; Hobson et al., 2011), which clearly overlap
'13C values for ringed seal muscle (-19.4 to -18.1‰; Ramsay and Hobson 1991; Hobson et al., 2002)
and could, therefore, lead to erroneous conclusions regarding the sources of energy used on land.
Without specifically including these terrestrial foods (i.e., marine algae, birds) a priori in carbon isotope
mixing models, their proportional contribution can not be accurately assessed (Parnell et al., 2010),
especially given the range of food combinations observed in scat. Furthermore, although carbohydrate
sources tend to be preferentially mobilized (e.g., Voigt et al., 2008), Whiteman et al. (2012) show that
bears appear to burn protein even when exogenous and endogenous fat resources are available, which
suggests that land-based foods, such as more protein-rich flightless waterfowl, could potentially
contribute to summer energy use more than previously thought (e.g., Ramsay and Hobson, 1991; Hobson
et al., 2009).
The consumption and metabolism of different macronutrients by other bear species can vary
throughout the year depending on their availability and individual need (Felicetti et al., 2003). For
example, captive grizzly bears fed low-protein, high-carbohydrate fruit diets ate more to satisfy their
protein requirements which resulted in an energy surplus that was used to store body fat while some body
protein was catabolized (Felicetti et al., 2003). Such simultaneous balancing of energy and protein
requirements is commonplace in omnivores (Robbins et al., 2007; Langlois and McWilliams, 2010) and
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the associated changes in macronutrient metabolism of the omnivore with changes in diet macronutrient
composition further complicates the interpretation of carbon stable isotopes in breath of wild bears.
Based on scat analysis, polar bears typically consume a mixed diet on land, often consuming both
animals and plants together (34.3% of scats; Gormezano and Rockwell, 2013b). Not only would inclusion
of multiple food types increase encounters with candidate species to alleviate energy deficits but would
minimize the length of travel necessary for those encounters. The value of vegetation, in particular, could
be greater when consumed in combination with animal protein sources available in summer. Studies of
human obesity conclude that the amount of carbohydrates consumed has a more active role in weight
gain than other macronutrients through its effect on hormone regulation (e.g., Rabast et al., 1979;
Velasquez-Mieyer et al., 2003). Using both human and other mammalian systems it has been shown that
the mobilization of fatty acids and accumulation of fat mass are more efficient in a diet that includes
carbohydrates, compared to a diet with the same total calories containing protein or fat without
carbohydrates (Feinman and Fine, 2007; Kennedy et al., 2007). This occurs because the release of
insulin after eating carbohydrates inhibits lipolysis (fat oxidation), causing an increase in fatty acid flux to
adipocytes, resulting in fat storage (Feinman and Fine, 2007). The synergistic effects of carbohydrates
on weight gain have been demonstrated in black and brown bears that gained disproportionately more
mass on a mixed (protein and carbohydrate) diet than what would have been acquired from each
macronutrient alone (Robbins et al., 2007). It may be possible that polar bears can experience the same
mass gain (or decrease in mass loss) when including different carbohydrate-rich plants in their diet on
land.
Earlier arriving bears may come ashore with greater nutritional deficits from lost seal hunting
opportunities as the ice-free season expands (Stirling and Parkinson, 2006) but calories necessary to
prevent starvation will likely be available from land-based resources, such as caribou, snow geese, eggs
and vegetation. The projected earlier 60-day arrival would allow polar bears to overlap both the entire
incubation and calving periods of snow geese and caribou, respectively, creating new phenological
matches to compensate for the growing mismatch with seals. Using the same energy-saving, surprise
hunting methods (e.g., ambush, stalk) to hunt geese and caribou that they typically use to capture seals
(Stirling, 1974; Smith, 1980), would provide polar bears energy compensation similar to the maximum

125
values reported here. Until further behavioral and oxygen consumption studies are performed, however,
the true costs associated with different foraging strategies and thus the total energy returns can only be
approximated. The mixed diet, including carbohydrate-rich plants, that polar bears currently consume on
land may be purely the result of opportunistic foraging (Gormezano and Rockwell, 2013b), but it can also
yield direct energetic benefits (i.e., increased weight gain; Robbins et al., 2007) and establish a pattern of
foraging that could increase the probability of fulfilling daily energy requirements from land-based food
should they need to do so to survive. If so, then it would represent an evolutionarily stable strategy that
should increase in frequency.
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Figure 1. The number of starving adult males that are expected to come ashore with different-sized
energy deficits during a 180-day ice-free season. Calculations are based on the additional kilocalories
-1

required for daily somatic maintenance and limited movement (2 km d ) needed to prevent starvation in
each bear for the entire projected 180 days ashore.
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Figure 2. The total available energy from snow geese and their eggs during the laying, incubation, posthatch and molting stages of their life cycle that occurs in the Cape Churchill Peninsula. The mean hatch
and polar bear arrival dates provided (left-most vertical dashed lines) are for 2013, however, if the ice-free
season expands to 180 days, polar bears would arrive before nesting geese and thus have access to all
the available energy illustrated.
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Figure 3. The total available energy from different sex and age classes of caribou on the summer calving
grounds on the Cape Churchill Peninsula. If the ice-free season expands to 180 days, polar bears are
projected to come ashore prior to the onset of calving, which is currently 1 June, and have access to all
the available energy illustrated.
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Figure 4. Energy from berries (a) and Lyme grass seed heads (b) available to each polar bear sex and
age class that could likely access these foods during months of their peak availability. Energy amounts
are based on the projected encounter rates between each polar bear and food, based on berry and seed
head abundance on the landscape and the daily estimated movement rates of different sex and age
classes of polar bears. Because seed heads only occur along the coast, availability is further limited to
those polar bears that remain within a median of 1 km from the coastline (which excludes solitary females
and family groups).
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Figure 5. Three adult male polar bears feed on the remains of a bull caribou on Keyask Island
(58.1695°N 92.8519°W) on the Cape Churchill Peninsula on 8 August, 2012. This type of communal
foraging illustrates the importance of how consumption of incomplete carcasses (as carrion or from
predation) can contribute to daily energy requirements. Here, the bear in the poorest physical condition
(top) is most likely in need of the additional calories, however, those in better condition still partake in the
meal. Photograph by R.F. Rockwell.
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Figure 7. The maximum number of adult male polar bears projected to starve as the ice-free season
expands to 180 days that could be supported by the total energy pools from each food resource.
Estimates are based on 2013 population sizes of each prey and take into account somatic maintenance
and daily movement costs. Values may be overestimated if true procurement costs exceed those
included.
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Figure 8. The proportion of daily energy deficits that could be satisfied by increasing effort, in terms of
kilometers travelled per day, to consume berries (red) and lyme grass seed heads (green). Energy
deficits were estimated from the average daily value needed to sustain a starving adult male on land for
180 days (4,450 kcals). Vertical dashed lines represent minimum travel distances necessary to fulfill
deficits consuming only berries (6.53 km) or only lyme grass seed heads (11.85 km).
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Figure 9. The foraging time required to consume enough berries to eliminate daily energy deficits of
starving bears at different intake rates. Using the maximum foraging time observed in grizzly bears (12 hr
-1

-1

d ), only intake rates of 30 g min or higher would permit 100% of daily energy deficits to be satisfied by
consuming berries alone.
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CHAPTER 5

CAN A POLAR BEAR ENERGETICALLY PROFIT FROM CHASING A GOOSE? A REVIEW OF THE
FACTS
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ABSTRACT
Oxygen consumption trials have demonstrated that polar bears are inefficient at locomotion based on
the expected energy output for mammals of their size. Given this and the polar bears’ tendency to
overheat in warm temperatures, it is questionable whether sustained pursuits of land-based prey can be
energetically profitable. Lunn and Stirling (1985) explored this using a model generated from one of
these captive-bear trials and asserted that a 320 kg polar bear chasing a goose at 20 km/h for more than
12 seconds would use more energy in the pursuit than they could gain from consuming it. Many authors
have since compared their observations of polar bears chasing land-based prey against this time
threshold to evaluate any potential energetic gain of the behavior. We show that the model Lunn and
Stirling (1985) used, which was generated with data for a much smaller bear, was incorrectly applied.
Using available data for 4 polar bears, the heaviest being 235 kg, we fit double exponential regression
models to the power-to-speed relationship and show how it changes nonlinearly as a function of body
mass. Results from our model, extrapolated to higher speeds, suggest that the time threshold for when a
235 kg polar bear chasing goose would return an energetic profit far exceeds 12 seconds. Although
outside the range of our data, an extrapolation to a 320 kg polar bear returns a similar result. Locomotion
is initially more expensive for smaller bears but increases more slowly at lower speeds. Above 6 km/h,
oxygen consumption rates increase inversely proportionate to mass, so that smaller bears spend
exponentially more for locomotion than larger bears. We discuss our findings in light of behavioral
observations of polar bears traveling long distances on the ice, sometimes at speeds greater than 6 km/h,
and pursuing land-based prey during the ice-free season.
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INTRODUCTION
Polar bear locomotion is inefficient (Hurst et al. 1982a,b, Best 1982, Øritsland et al. 1976), exhibiting
higher rates of oxygen consumption with increased speed than predicted for mammals of their size
(Taylor et al. 1970, Fedak and Seeherman 1979). The higher rates of energy use have been attributed to
their morphology, particularly their large, heavy limbs (Øritsland et al. 1976, Hurst et al. 1982a,b), a
characteristic shared by male lions (Felis leo) who similarly have relatively high costs of locomotion
(Chassin et al. 1976). Despite these energetic limitations, polar bears are known to walk long distances
on the sea ice in search of prey and mates (e.g., Amstrup et al. 2000, Andersen et al. 2008, Born et al.
1997, Parks et al. 2006, Wiig et al. 2003). While on the ice, however, they use energy-conserving
stalking or “still-hunting” techniques to capture different species of seals and other marine mammal prey
(Stirling 1974, Smith 1980).
Some polar bears, especially those forced ashore when the sea ice melts completely in summer,
have been observed running on land in pursuit of terrestrial prey (e.g., Brook and Richardson 2002, Iles.
et al. 2013). Given their locomotive inefficiency and potential to overheat in warm weather (Øritsland
1970, Øritsland and Lavigne 1976, Best 1982), it is unclear whether these more intensive pursuits can be
energetically profitable for all polar bears (Iles et al. 2013, Lunn and Stirling 1985), especially since
oxygen consumption trials have been limited to smaller bears (" 235 kg) travelling at walking or trotting
speeds (Øritsland et al. 1976, Hurst et al. 1982a,b, Watts et al. 1991).
Lunn and Stirling (1985), nevertheless, used a calculation derived from Hurst et al. (1982a) to
illustrate that a 320 kg polar bear chasing a goose at 20 km/h for more than 12 seconds would spend
more energy in the pursuit than could be obtained from consuming it. Many authors have since
compared observations of polar bears chasing various land-based prey (caribou, Rangifer tarandus,
Brook and Richardson 2002; Barnacle geese, Branta leucopsis, Stempniewicz et al. 2006; Thick-billed
Murres, Donaldson et al. 1995; Lesser snow geese, Chen caerulescens caerulescens, Rockwell and
Gormezano 2009, Iles et al. 2013) to this threshold as a basis to question the energetic worth of the
observed predatory behavior. Similarly, this threshold value appears on various “polar bear information”
websites to exemplify the locomotive inefficiency of polar bears. (e.g., Polar Bears International;
http://www.polarbearsinternational.org/about-polar-bears/essentials/walking-and-running).
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Recent warming trends are diminishing ice extent and duration in western Hudson Bay (Gagnon and
Gough 2005; Stirling and Parkinson 2006), and may result in polar bears coming ashore nutritionally
stressed from lost opportunities to hunt seals (Stirling et al. 1999; Stirling and Parkinson 2006; Regehr et
al. 2007). Therefore, any calories consumed from land-based foods may become increasingly important
(Gormezano and Rockwell 2013b) if the net energetic gain from these foods exceeds the effort required
to obtain them. In western Hudson Bay, waterfowl have been reported to comprise a large proportion of
the land-based diet (Gormezano and Rockwell, 2013a) and observations of polar bears chasing and
consuming waterfowl (e.g., Gormezano and Rockwell 2013a; Iles et al. 2013; Smith et al. 2010;
Stempniewicz et al. 2006) have increased in recent years with some chases exceeding the 12 second
threshold set by Lunn and Stirling (1985) (Iles et al. 2013). In the following, we revisit published data on
the metabolic costs of locomotion for different-sized polar bears and illustrate how previous application of
Hurst et al.’s (1982a) equation was incorrect. Further, we use available data to build a new model to
break down how costs of locomotion change with speed for different-sized bears.

12-second inefficiency threshold
Lunn and Stirling (1985) develop the 12-second threshold to illustrate that long pursuits of waterfowl
on land would not be energetically profitable to a polar bear, and use it to explain the lack of such
observations of polar bears pursuing waterfowl in the region at the time (Knudsen 1978; Latour 1981).
They use an equation by Hurst et al. (1982a) based on experiments with a polar bear exercising in an
open-circuit respiration chamber to measure expelled oxygen (O2 ) as an index of metabolic costs
associated with walking at different speeds on a treadmill. Using experiments with one 190 kg, 4 year old
female polar bear, Hurst et al. (1982a) derived a curvilinear relationship to describe how incremental
changes in walking speed increase oxygen consumption or metabolic rate:

VO2 =0.62e0.06V

1.5

[1]

where VO2 is oxygen consumption in milliliters O2 !per gram per hour, and V is the walking speed in
kilometers per hour.
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Acknowledging that the equation yielded a weight-specific index of metabolism (i.e. for a 190 kg polar
bear), Hurst et al. subsequently published another study using data collected from various sized polar
bears to examine the effects of mass on oxygen consumption during locomotion (Hurst et al. 1982b).
Although the latter study establishes a linear relationship between decreasing mass (M) and increasing
energetic costs of walking (compared at 5.4 km/h):

Twalk =0.505 - 0.00157M ml O2 ·g-1 ·km-1

[2]

Lunn and Stirling (1985) chose to use equation [1] from Hurst et al. (1982a) to predict oxygen
consumption for a 320 kg polar bear even though the equation predicts oxygen consumption for a 190 kg
polar bear. They then calculated the time needed for the energy expended from a sustained chase at 20
km/h to surpass the energy gained from consuming the fat and protein content of an adult female snow
goose (which is not given). Applying Equation [1] to a larger-sized bear is problematic because Hurst et
al. (1982b) showed that incremental increases in metabolism during locomotion tended to decrease with
increasing size and this change was not always linear (see below).
Using Equation [2] to estimate energy consumption for a 320 kg bear would have been similarly
inappropriate because Hurst et al. (1982b) warn that predictions become “biologically nonsensical” when
applied to body weights outside the test range (110-235 kg). They specifically note, for example, that a
322 kg polar bear would theoretically not increase its metabolism at all with increasing speed according to
this model (Hurst et al. 1982b). Furthermore, extrapolating to 20 km/h, well beyond the upper speed limit
examined in the original study (7.2 km/h), could misrepresent energy expenditure as changes in the rate
of O2 !consumption can occur as quadrupeds change gaits at higher speeds (Reilly et al. 2007, Chassin et
al. 1995, Heglund and Taylor 1988, Fedak and Seeherman 1979).

METHODS
To develop an alternate model, we extracted O2 consumption levels recorded at different speeds for 4
bears from previous studies, weighing 125, 155, 190 and 235 kg (Watts et al. 1991, Hurst et al. 1982a,
Øritsland et al. 1976). We then sought a model to relate oxygen consumption to speed for the 4 different-
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sized bears so that we achieved “best fit” for each mass but also selected, if possible, a single model that
provided reasonable fit for all 4. Both linear (Øritsland et al. 1970, Taylor et al. 1970) and double
exponential (Hurst et al. 1982a) regression models have been used to describe how oxygen consumption
changes with speed for different-sized bears. For that reason, we evaluated a linear, exponential and
2

double exponential model and measured model fit with adjusted R (coefficient of determination; hereafter
!
!!"#
) and model support with Akaike Information Criterion (AIC).

Although Hurst et al. (1982b) performed a similar analysis, some lines were based on regression of
only 2 points, the measured oxygen consumption at one speed (5.4 km/h) and an estimate of the yintercept based on 1.7 times the resting metabolic rate. The latter is projected to be the postural cost of
locomotion (energetic costs of maintaining an upright posture) based on calculations by Taylor et al.
(1970). Given observed discrepancies between intercept values observed from the regression
relationships and those predicted by Taylor et al. in other studies (Hurst et al. 1982a, Watts et al. 1991)
we did not force the regression model through particular y-intercept values a priori, but rather only
included oxygen consumption data for individual bears for which >2 speed measurements were available
so that the y-intercepts could be predicted from the model.
Three coefficients emerged from the oxygen consumption to speed regression model chosen: yintercepts, slopes and double exponents (see Results). Each was separately modeled with body mass to
derive general equations of how each coefficient changed with size of the bear. For example, although
metabolic rates can vary between individuals, an estimate of postural costs can be predicted for each
sized bear based on the modeled relationship of the 4 y-intercept values with mass. Either a linear or
exponential regression model was chosen for each coefficient with mass depending on whether
!
departures from linearity could be identified in the residuals and from comparison of !!"#
and AIC.

Application of the final model would then require first estimating each coefficient from a known mass then
substituting each into the main model to estimate oxygen consumption at each speed.
We also calculated the time threshold beyond which calories expended to chase a goose exceeded
the calories obtained from consuming it for polar bears ranging in mass from 125 kg to 235 kg (in 10 kg
increments) and travelling from 0 to 20 km/h. Although speeds beyond 7.2 km/h are outside the range of
the data and may be inaccurate, they are presented for illustrative and comparative purposes. Because
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no caloric value of a lesser snow goose is given in Lunn and Stirling (1985), we estimated the value using
adult female goose body composition data from Ankney (1979) during the time frame (post-hatch) when
many instances of predation have been observed (Iles et al. 2013). Applying previously calculated
estimates of energy conversion and digestibility (Rockwell and Gormezano 2009) we estimated the
average female lesser snow goose would provide a total of 625.29 kcal. Following Lunn and Stirling
(1985), we combined this value with oxygen consumption rates predicted from our final model to estimate
inefficiency thresholds. All analyses were performed in R programming platform (R Development Core
Team 2008).

RESULTS
The concavity of the lines fit to the oxygen consumption-to-speed relationship increased with
decreasing mass, with most exhibiting exponential growth (Table 1, Fig. 1). Double exponential
regression had the most support (Table 2) and was the best fit for the relationships for polar bears
weighing 125 kg, 155 kg and 190 kg (Table 1, Fig. 1A-C). Although data for the 235 kg bear was most
!
!
supported by and fit slightly better to a linear model (!!"#
= 0.8750) than a double exponential (!!"#
=

0.8737; #AIC = 3.76), it was also fit to a double exponential model to be consistent (Fig. 1D).
The double exponential model used to fit data to all 4 bears takes the following form:

VO2 = !! ! e!!!!!V

!"!

[3]

where VO2 is oxygen consumption in milliliters O2 per gram per hour, e is the natural log (2.718), V is the
walking speed in kilometers per hour, Pm is the postural costs (see Methods) and Sm represents the slope
values or incremental change in oxygen consumption occurring with different speeds. Double exponents,
in general, accelerate the growth of a function. In this model, DEm attenuates the effect of the slope
values so that small slope values rapidly increase with an accompanying large DEm (e.g., for smaller
bears) and, conversely, larger slopes increase more slowly with small DEm values (e.g., for larger bears).
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The regression model illustrating mass-specific postural costs (Pm) was best fit to a linear function
!
where M is measured in kg (!!"#
= 0.55; Fig. 2A):

!! = 1.6025 - 0.0057M

[4]

The regression of mass-specific incremental changes in oxygen consumption (Sm) was best fit to an
!
exponential function (!!"#
= 0.71; Fig. 2B):

!! != (1.32*!"!! !e!!!"#$!

[5]

!
The regression of double exponent terms (DEm) with mass was best fit to a linear function (!!"#
= 0.72;

Fig. 3C):

!"! = 8.8524 - 0.0358M

[6]

Predicted values of oxygen consumption (VO2) for polar bears of different mass traveling at different
speeds (V) can be calculated from Equation [3] using estimated postural costs, incremental costs of
locomotion and velocity exponents from Equations [4], [5] and [6], respectively. Results of these
predictions for body masses between 125 and 235 kg are illustrated in 10 kg increments (Fig. 3).
Combining results from our oxygen consumption model with the energetic value of a female lesser
snow goose, we calculated that a 125 kg polar bear could chase a goose at 7.2 km/h for 21.71 minutes
before it becomes energetically unprofitable. A 235 kg bear could sustain a chase at the same speed
longer, not reaching the inefficiency threshold for 24.32 minutes (Fig. 4). Although predictions outside the
range of the data may be unreliable, our model predicts that the time threshold for a 125 kg polar bear
running at 20 km/h beyond which the chase becomes unprofitable is near zero whereas that same
threshold for a 235 kg bear is 8.57 minutes (Fig. 4). Extending this prediction to the possible maximum
speed that polar bears are reported to reach (~40 km/h; Derocher et al. 2000), we found that the
threshold drops to 3.05 minutes for a 235 kg polar bear.

155

DISCUSSION
We could not directly test the assertion of Lunn and Stirling (1985) that a 320 kg polar bear travelling
at 20 km/h would spend more energy chasing a lesser snow goose that it would get from consuming it
because oxygen consumption trials have not been performed on bears of this size traveling that fast.
Instead, we show that Lunn and Stirling (1985) inappropriately applied an oxygen consumption model
developed for a smaller (190 kg) polar bear (Hurst et al. 1982a), which likely overestimated the power
requirements (i.e., oxygen to perform locomotive work) needed for a larger bear because energy
efficiency increases (non-linearly) with mass. Based on trends in the observed data (with mass values up
to 235 kg) the time threshold beyond which a goose chase would become unprofitable for a 320 kg bear
would likely exceed the 12 seconds suggested by Lunn and Stirling (1985).
Patterns in the power-to-speed relationship vary for different-sized polar bears and suggest massspecific limitations to initiating and sustaining exercise. For example, the postural costs of locomotion,
represented by the projected y-intercept, were higher for smaller bears which has been previously
illustrated for polar bear cubs (Sholander et al. 1950) and smaller and immature animals, in general
(Taylor et al. 1970, Lavigne et al. 1986). This may stem from smaller-sized and immature animals
tending to have higher resting metabolic rates than larger conspecifics (Brody 1945, Lavigne et al. 1986,
Watts et al. 1991) and could result in higher initial energy costs as well as possibly influence time to
temperature equilibrium during exercise (Best 1982).
Although oxygen consumption was initially higher for smaller bears, it increased more slowly
compared to larger bears until approximately 6 km/h (Fig. 3). This delayed increase may reflect a
relatively small additional output (above postural costs) needed to reach slower speeds. A similar
delayed increase in oxygen consumption was observed for young male lions whose energy costs did not
increase until 2 km/h (Chassin et al. 1976). This pattern may also be the result of an extended training
period reported for the two lightest bears included in our study (Watts et al. 1991). Above 6 km/h,
consumption rates increase inversely proportionate to mass, so that smaller bears spend exponentially
more for locomotion than larger bears (Fig. 3).
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The higher locomotive costs (or lower efficiency) of smaller bears above 6 km/h may be due to
increased stride frequency, as more steps will be needed to maintain the same speed as larger bears
(Best 1981, Heglund and Taylor 1988). Energy cost per gram of body weight per stride is relatively
constant across animals of drastically different masses moving at the same speed (Heglund et al. 1982),
so although heavier animals require more energy to move per stride, the longer stride length and lower
stride frequency result in increased efficiency over the same distance (Heglund et al. 1982).
Smaller animals transition between gaits (e.g., walk to trot) at lower speeds and therefore must
increase stride frequency (Best et al. 1981) sooner. Coincident with this increase in gait frequency, the
increased stride length (associated with a trot or gallop) increases the average ground reaction force
needed to be generated by the limb muscles resulting in a disproportional increase in energy required to
move a smaller animal at higher speeds (Heglund and Taylor 1988). Immature animals may be further
disadvantaged because they have not reached optimal mechanical efficiency that is associated with full
growth (Brody 1945, Lavigne et al. 1986).
Although our results indicate that the inefficiency threshold predicted by Lunn and Stirling (1985) for a
320 kg bear traveling at 20 km/h was underestimated, predicting oxygen consumption beyond 7.2 km/h
(the upper limit used in the model) may be unreliable because incremental rates of energy use can
change with transitions to different gaits (Reilly et al. 2007; Heglund and Taylor 1988). Oxygen
consumption for immature male lions, for example, increased linearly until transitioning to a trot at
approximately 8.5 km/h, when incremental rates decreased and appeared to asymptote (Chassin et al.
1976). Similar relationships have been reported for gait transitions in large ratite birds, dogs and horses
(Reilly et al. 2007, Watson et al. 2011).
Our model is further limited by the size of bear for which predictions can be made. The rates of
acceleration of the slope values are influenced by the double exponent term on speed, which increases
with decreasing mass and accentuates the increased concavity of the speed-to-power relationship with
decreasing size. For masses greater than 247 kg, the exponent term becomes negative, causing
concavity to become negative, so that oxygen consumption decreases with increasing speed and returns
unrealistic results similar to those reported by Hurst et al (1982b) for larger-sized bears.
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Although polar bear locomotion is inefficient, they typically walk slowly, averaging 1-5 km/h (Durner et
al. 2011, Anderson et al. 2008, Amstrup et al. 2000), below the 6 km/h threshold beyond which energy
costs sharply increase for smaller bears (Fig. 3). Studies using GPS transmitters have shown that polar
bears can sustain these speeds for extended periods, covering large distances (Amstrup et al. 2000,
Anderson et al. 2008). For example, Amstrup et al. (2000) reported many polar bears sustaining travel on
the ice at >4 km/h for up to 20 hours, with some maintaining these speeds for >40 hours. In a controlled
experiment, polar bears trained to walk on treadmills were similarly able to walk for long periods,
continuing exercise for up to 90% of 6 hour walking sessions (Best 1982). During these trials, polar bears
behavioral thermo-regulated by leaving the treadmill temporarily to ingest snow when their core
temperatures reached a particular threshold (Best 1982). Best (1982) concluded that hyperthermia, not
fatigue, was more likely a limiting factor to continuous locomotion. Polar bears have also been observed
sustaining higher speeds (approaching 10 km/h) for shorter periods of time while on the ice (i.e., 1-8
hours, Amstrup et al. 2000). In their Arctic habitat while on the sea ice, low ambient temperatures and
strong winds would likely prevent hyperthermia (Best 1982).
On land during the ice-free season in western Hudson Bay, when ambient temperatures are
considerably higher, polar bears limit their daily movements remaining inactive for long periods (Knudson
1978, Latour 1981). However, they have also been observed engaging in faster-paced pursuits after
waterfowl and caribou (Brook and Richardson 2002, Iles et al. 2013, Gormezano and Rockwell, pers.
obs). Although it is yet unclear when faster pursuits by larger bears become energetically unprofitable
(though it is likely longer than 12 seconds; Fig. 4), it is safe to assume that hyperthermia would be a
limiting factor to sustained activity.
On the Cape Churchill Peninsula where ponds, lakes and rivers are pervasive across the landscape,
many pursuits were reported to occur in or near water (Iles et al. 2013, Gormezano and Rockwell, pers.
obs). Øritsland (1969) reported that immersion in water depressed a polar bear’s core temperature for up
to one hour during subsequent exercise. Polar bears in western Hudson Bay may be using hunting
strategies on land that involve stalking, ambushing or chasing prey into water, as a means to regulate
their body temperature while taking opportunistic advantage of ephemeral resources. The rapid heat
dissipation that occurs in water (Øritsland 1969, Frisch et al. 1974) would also quickly reduce the polar
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bears’ core body temperatures after a chase and we have directly observed polar bears seeking water
both for drinking and to lie in after pursuing waterfowl.
More research is needed to fully understand thresholds of efficiency in polar bear locomotion,
especially for larger-sized bears, and their implications for land-based foraging behavior. Polar bears
currently consume various foods on land (Gormezano and Rockwell 2013a,b), but the energetic value of
these foods toward survival is debatable (e.g., Dyck and Kebreab 2009, Hobson et al. 2009). To clarify
these issues, studies that replicate actual conditions under which polar bears would chase alternate prey
on land, combined with calculations of caloric values of individual and combinations of foods consumed
are needed.
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Table 1. Coefficients of double exponential regressions of oxygen consumption (ml O2 g h ) as a
-1
function of velocity (km h ) for 4 polar bears
Mass (kg)

Data
source*

n

Y-intercept

Slope

Double
exponent

1
125
12
0.71
0.00058
3.9
1
155
12
0.95
0.00015
4.4
2
190
19
0.54
0.09721
1.3
3
235
11
0.18
0.63330
0.6
*Sources of Data: 1 – Watts et al. 1991; 2 – Hurst et al. 1982a; 3 – Øritsland et al. 1976

!
!!"#

0.82
0.73
0.98
0.87
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Table 2. Model selection results for 4 oxygen consumption-to-speed regressions for 4 polar bears
Mass (kg)
125
155
190
235

Model

Measurements (N)

AIC

#AIC

linear

12

18.4845

17.184

d-exponential*

12

1.3005

0

linear

12

9.8245

10.8123

d-exponential

12

-0.9878

0

linear

17

-24.9635

26.7531

d-exponential

17

-51.7166

0

linear

11

-21.1085

0

d-exponential

11

-17.3478

3.7607

* refers to double exponential regression in the form of equation [3]
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Figure 1. Oxygen consumption plotted as a function of velocity for a 125 (A), 155 (B), 190 (C) and 235 kg
(D) polar bear, best fit to double regression equations.
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Figure 3. Our model predictions for oxygen consumption as a function of velocity for polar bears ranging
in body mass from 125 to 235 kg are illustrated in 10 kg increments. The “efficiency inflection”, occurring
at approximately 6 km/h, is the point at which rates of incremental change in energy consumption for
smaller bears surpasses those for larger bears, and continues to grow exponentially.
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Figure 4. Using the approach described by Lunn and Stirling (1985) we calculated the mass-specific
inefficiency thresholds in minutes, beyond which polar bears traveling at velocities between 0 and 20
km/h, would use more energy to chase an adult female goose than it would gain from consuming it. At
speeds between 3-7.5 km/h, smaller bears have an advantage but at speeds greater than 7.5 km/h,
larger bears can travel longer periods before reaching the inefficiency threshold. Note that data for
velocities greater than 7.2 km/h (dashed line) are extrapolations and may be inaccurate.
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CHAPTER 6

BEHAVIORAL OBSERVATIONS OF POLAR BEAR FORAGING DURING THE ICE–FREE SEASON
AND IMPLICATIONS FOR THEIR ADAPTABILITY TO A CHANGING FOOD SUPPLY
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Abstract
During most of the year, polar bears use energy-conserving hunting tactics, such as “still-hunting” and
stalking to capture seals on the ice and in sea water. As climate change causes earlier spring sea ice
breakup in western Hudson Bay, polar bears will have less time to hunt seal pups in their spring birthing
lairs. That hunting has allowed polar bears to accumulate the majority of their annual fat reserves that
sustains them through the ice-free season on land. Scat analyses and anecdotal reports suggest that
some polar bears eat food on land during the ice-free season but how many bears are engaging in the
behavior and the energy gained from it is yet unclear. I present detailed observations of polar bears
hunting and consuming animals and vegetation while on land from the unpublished archives of the
Hudson Bay Project and my personal observations. The hunting techniques used in these observations
are compared to those used for seal hunting and for foraging by closely related grizzly bears to better
understand how the behaviors may have evolved. The ability to employ a variety of hunting tactics and
redirect familiar ones to novel prey suggests a high degree of phenotypic plasticity in polar bear foraging
behavior. The different evolutionary pathways leading to the current behavior can affect how such
behavior spreads in the population and how polar bears will persist as easy access to their traditional
food becomes more limited. Redirecting commonly learned seal hunting techniques to land-based prey
may allow some polar bears to compensate for ice-specific adaptations and acquire supplemental energy
while on land during the ice-free season.
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Introduction
Polar bears (Ursus maritimus) in western Hudson Bay feed primarily on ringed seals (Phoca hispida)
and less frequently on bearded seals (Erignathus barbatus) and other marine mammals while on the sea
ice (Stirling and Archibald 1977, Thiemann et al. 2008). The most common hunting tactic they use is
“still-hunting”, a type of ambush whereby a polar bear waits by a breathing hole for a seal to emerge
before attacking (Stirling 1974). Polar bears also stalk seals both on the ice and from the water to
surprise those hauled out on ice or attack newborn pups in their birth lairs (Stirling 1974, Smith 1980).
Currently, polar bears rely on these seals as their primary energy source (Thiemann et al. 2008) and
the reserves accumulated from consuming seal pups in the spring help sustain them through the ice-free
season when the polar bears are forced onto land for extended periods (Stirling and McEwan 1975,
Stirling and Derocher 1993). Climate change is causing the sea ice in Hudson Bay to melt earlier in
spring (Gagnon and Gough 2005) cutting short the time polar bears have to hunt seals on the ice and
causing them to come ashore with smaller fat reserves (Stirling et al. 1999, Stirling and Parkinson 2006).
Unless polar bears consume supplemental food on land, many are predicted to starve as the ice-free
season continues to expand with advancing ice-break up in Hudson Bay (e.g., Molnár et al. 2010, Stirling
and Derocher 2012, Chapter 4).
While on land, polar bears have access to energetically rich foods such as caribou (Rangifer
tarandus) geese and eggs (Gormezano and Rockwell 2013a,b, Chapter 3) and results from scat analyses
suggest that some polar bears in western Hudson Bay currently consume them (Gormezano and
Rockwell 2013a). Although there are anecdotal reports of predation events on land (Iles et al. 2013,
Brook and Richardson 2002, Rockwell and Gormezano 2009), detailed descriptions of such behaviors are
rare. How land-based prey are captured and consumed by different bears may determine the degree of
learning or additional skills required to exploit the new resource and how soon the behavior spreads
within the population (Roughgarden 1972, Estes et al. 2003, Tinker et al. 2009). Individual polar bears
may possess physical constraints (e.g., size; Brose 2010), as well as different learning experiences and
skill sets that can lead to intraspecific variation in capture success and net energetic gains from different
prey (Caldow et al. 1999, Estes et al. 2003).
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For example, extended pursuits can be energetically costly as polar bears generally require more
energy for travel than would be predicted for mammals their size (Øritsland et al. 1976, Taylor et al. 1970,
Fedak and Seeherman 1979, Hurst et al. 1982a). These costs, however, can vary with the size of the
bear (Hurst et al. 1982b, Chapter 5) and, perhaps, the duration of the pursuit (Best 1982). These
constraints may be, in part, why polar bears employ such energetically conservative tactics hunting seals
on the ice and in water (Hurst et al. 1982a, Stirling 2011). Polar bears are also prone to hyperthermia
from sustained activity in warm ambient temperatures (Best 1982). Finally, there may be evolutionary
constraints on the spread of novel foraging behaviors because polar bears have developed specialized
physical adaptations to facilitate a pagophilic existence (e.g., Sacco and Van Valkenburg 2004, Slater et
al. 2010).
In the following, I present detailed descriptions of polar bears pursuing both land-based food and
marine mammals during the ice-free season in western Hudson Bay. The descriptions are taken from the
unpublished archives of the Hudson Bay Project and my personal observations. The behaviors are
compared to similar observations of polar bears consuming prey across the Arctic and specific skills that
polar bears use to hunt seals on the ice. I also compare these behaviors to those of the closely related
grizzly bears (Ursus arctos, also called brown bears) and speculate how such behaviors may have
evolved in light of their shared genetic legacy (e.g., Kurtén 1964, Hailer et al. 2012, Cahill et al. 2013).
The evolutionary pathways that could have led to the plasticity in polar bear foraging contrast with a view
that selection alone (Geinapp et al. 2008) is responsible for their current adaptations to living on the ice. I
discuss each view and the different implications for the polar bears’ ability to adapt to rapid changes to
their food supply predicted with climate change.

Behavioral Observations
Birds
Over the years, researchers working in western Hudson Bay have observed polar bears regularly
catching and consuming adults and juveniles of several species of migratory waterfowl including Lesser
Snow Geese (Chen caerulescens), Canada Geese (Branta canadensis), American Black Duck (Anas
rubripes), Northern Shoveler (Anas clypeata), Northern Pintail (Anas acuta), and Common Eider
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(Somateria mollissima). Lesser Snow Geese and Common Eider have been the primary fare. The bears
use three somewhat different strategies in catching adult and juvenile birds: chasing, stalking and
ambushing.
Chasing - During the brood rearing period for Lesser Snow Geese, when neither adults or goslings
can fly, bears are often seen chasing geese in the supratidal marsh area around the La Pérouse Bay
camp and in other areas where Lesser Snow Geese and willows both occur. The bears appear to take
advantage of stands of willow that serve almost as backstops to slow the geese and reduce their chances
for escape. Once a bear has one or more geese “trapped” against the willows, it generally kills them with
a blow from a forelimb or occasionally grabbing the goose in their mouth and crushing it. While most
chases involve a single polar bear, Robert Rockwell and Dave Koons observed a female and two yearling
cubs on 21 July 2008 working together to chase a small “brood flock” of adult and juvenile Lesser Snow
Geese into a stand of willows. Both Common Eiders and one Northern Shoveler were chased and caught
by single bears after being (inadvertently?) flushed from nests and while the ducks were performing
distraction (“broken-wing”) behaviors. While these chases usually lasted less than 12 seconds and
sometimes resulted in multiple kills, other chases have lasted considerably longer. Stempniewicz (2006)
described a polar bear unsuccessfully chasing a “brood flock” of Barnacle Geese (Branta leucopsis) in
water for up to 30 minutes.
Stalking - On several occasions in the Common Eider colony adjacent to the La Pérouse Bay camp
and on one occasion with a Canada Goose, a lone polar bear was observed stalking a female sitting on
her nest. The bear advanced in a cat-like fashion with numerous stops and starts until the distance
between it and the nest was only a few meters. The bear then suddenly rushed the nest and grabbed the
female with its mouth, crushing it. Similarly, B. Knudsen observed two incidents of bears stalking and
killing adult Canada Geese on the ground in areas of low shrubs (pers. comm. in Russell 1975) and Miller
and Woolridge (1983) report a willow ptarmigan captured the same way by a female polar bear.
Ambushing - On two separate occasions, polar bears were observed lying in the Mast River along an
irregular portion of the bank where higher stands of willow block them from the view of snow goose
families walking upstream and inland in the river. As the families passed, the bear would charge from
behind and manage to kill one or more goslings with a blow from its forelimb or by grabbing and crushing
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with its mouth. After carrying the goslings away to be consumed, the bear again would return to its hide,
wait and charge the next passing family. One of the two bears observed ambushing in this fashion
continued it for nearly two full days.
There are also published reports of polar bears stalking and attacking sea-ducks and other waterfowl
in open water. For example, an Inuit hunter observed a young male polar bear diving repeatedly under
water and surfacing in the midst of a flock of King Eiders (Somateria spectabilis) near Banks Island,
Northwest Territories, catching and consuming multiple birds (Russell 1975). The same technique was
observed for one adult bear at Coats Island, Nunavut to capture Thick-billed Murres (Uria lomvia;
Donaldson et al. 1995) and by two polar bears hunting Dovekies (Plautus alle) in open water near East
Greenland (Russell 1975).
After capturing and killing one or more birds, the bears almost always sat and ate. From examining
carcasses immediately after the bears left, researchers have found that the bears consumed the viscera
(especially the liver and gizzard and sometimes the intestines) and closely associated thigh and breast
muscle tissue. Many of the Lesser Snow Geese caught were goslings and while they had little breast
muscle tissue, the amount consumed from adult geese is more sizable. Frequently, and especially after
capturing several geese by chasing them, the bears move to ponds or creeks and lie in the water,
possibly to cool off (Fig. 1). Researchers have also observed them drinking and apparently cleaning fur
around their muzzle. In Svalbard, after feeding on multiple Barnacle Goose eggs and goslings, Drent and
Prop (2008) observed polar bears immediately traveling to the mainland to drink from a fresh water pool.

Eggs
On July 15, 2003, a single, large polar bear entered the common eider colony adjacent to the La
Pérouse Bay Research Station. Until he was chased away by helicopter for safety reasons 96 hours
later, the bear depredated 206 of 325 nests that were still being actively incubated. Paul Matulonis and
Robert Rockwell both observed the bear from roofs of the Research Station buildings with binoculars and
spotting scopes. The bear would walk from island to island in the nesting colony often stalking incubating
females and chasing those flushed from the nests as described above. Once on the island the bear went
from nest to nest and appeared to consume many of the eggs each contained. Upon later inspection,
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they discovered that most of the nests were emptied, but in some cases, 1 or 2 of the eggs had been
crushed with the contents consumed. Drent and Prop (2008) describe a similar behavior whereby a
female and cub predating Barnacle Goose and Eider Duck nests were observed breaking the shells of
eggs with their noses and licking out the contents. Although they appeared to be actively avoiding
ingesting the shells they were obviously not always successful as evidenced by the shell fragments that
were found in scats (Drent and Prop 2008).
Other examples of polar bear egg foraging include: snow geese in western Hudson Bay (Abraham et
al. 1977; Rockwell and Gormezano 2009) and Coats island, Nunavut (Smith et al. 2010), Canada Geese
on Akimiski Island, Ontario (Smith and Hill 1995), Little Auks (Alle alle) on Hooker Island in Franz Josef
Land (Stempniewicz 1993), Thick-billed Murres on Coats Island (Smith et al. 2010), Barnacle Geese
(Drent and Prop 2008), Light-bellied Brent Geese (Branta bernicla hrota; Madsen et al. 1998) and Pinkfooted Geese (Anser brachyrhynchus; Prop et al. 2013) in Svalbard, Norway. Apparently, polar bears
consuming eggs is not a recent phenomenon. Pedersen (1966) noted that if a polar bear came across a
colony of Eider Ducks in Greenland during the breeding season, it would plunder all the nests. Other
natural history reports of polar bears include eggs as part of a varied diet (Harrington 1965; Loughrey
1956) or have reported them in the stomachs of harvested bears (pers. comm. to R. H. Russell, in Russell
1975).

Caribou
At about 1100 hours on 17 July 1994, Jamie Boles and Robert Rockwell were flying south from Cape
Churchill in Bell Jet Ranger helicopter at approximately 200 feet when they observed a polar bear at the
south end of a beach ridge near the cabin north of Thompson Point. The bear was sitting on the inland
side of a clump of 1-2 meter tall willows. After a series of slow turns and climbing to 500 feet, they saw
15 to 20 caribou walking south on the coastal side of the beach ridge. As the caribou passed the end of
the beach ridge, the bear charged the end of the line and knocked the trailing caribou to the ground with
what is best described as an ice-hockey-style “body check”. The bear immediately pounced on the
caribou and seemed to bite it about the head and neck. They left the area to avoid any further
disturbance, but upon later returning at 1230 hours, they found the bear and partially consumed carcass
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of the caribou near the spot where the attack occurred. From the small carcass, they determined that it
was likely a young of the year.
Others have observed similar instances of polar bears stalking and ambushing caribou. Mike Macri
(pers. comm.) recalled an event in western Hudson Bay of a polar bear crouching down in willows in a
failed attempt to ambush a herd of caribou passing nearby. On the Cape Churchill Peninsula, polar bears
were observed unsuccessfully stalking a group of caribou using wind direction and lakeside willows to
conceal its approach, before sprinting towards them (Brook and Richardson 2002). Furthermore, in
Svalbard, polar bears were observed slowly stalking reindeer as they lay in snow beds, before rushing to
capture them (Derocher et al. 2000; M. Loonen, pers. comm.).
Polar bears have also engaged in extensive chases pursuing caribou. At approximately 1100 hours
on 28 July 2007, LJG, Robert Rockwell and Chris Witte began searching for polar bear scat on Point
Pakulak, near Cape Churchill, the northeast corner of Wapusk National Park. They noticed a herd of
approximately 500 caribou nearby that was moving along the tidal flats in a swirling and undulating
fashion as a single large polar bear repeatedly approached. After walking toward the herd for some time,
causing them to move away slowly, the bear would charge, isolating one or two individuals. The bear
would then focus the chase on these caribou. The bear would chase these individuals but they would
outpace the bear, circle and rejoin the herd. We watched the bear repeat this behavior for a total of 45
minutes until the herd shifted in their direction and they had to end the survey abruptly and leave the
area. While we did not see this bear capture a caribou, it is worth noting that prior to leaving the area, we
found a polar bear day bed on Point Pakulak that was littered with the remains of a recently consumed
caribou calf. These observations are similar to those reported by Brook and Richardson (2002) which
continued for more than 20 minutes.
At approximately 0900 hours on 6 August 1998, Robert Rockwell was in a 5 meter high observation
tower located on the shoreline near the head of La Pérouse Bay. He observed a female polar bear,
accompanied by one cub of the year, dragging the carcass of what appeared to be a freshly killed caribou
calf towards the tower from the south along the willow fringe (cf. Derocher et al. (2000)). The sow and
cub stopped approximately 300 meters southeast of the tower and began eating the calf. The sow ripped
open the abdominal cavity and she and the cub fed on the entrails and other abdominal and thoracic
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organs. After about 2 hours, the sow and cub retreated about 25 meters into 2-3 meter tall willows and
bedded down. The cub appeared to remain asleep while the sow periodically raised her head, looking in
the direction of the carcass.
At about 1200 hours, a large, male polar bear approached the carcass from the north and proceeded
to feed on the left rear rump and leg. The sow increased the frequency of head raises and eventually sat
upright. After about 10 minutes, the cub retreated approximately 25 meters inland. The male continued
foraging. After another 10-15 minutes, the sow charged at the male vocalizing loudly. The male
retreated north about 200 meters and sat and watched as the female approached the carcass and
dragged it back towards the bed she and the cub had occupied. The male slowly moved north and east
across La Pérouse Bay and towards Point Pakulak. The sow and cub remained in the area for another 23 days.
On 26 July 2010, Robert Rockwell, Lise Aubry and Kit Uvino observed an adult polar bear consuming
a juvenile caribou on a sand spit near the Broad River (see Fig. 1 in Chapter 1). Red blood on the
carcass, the bear and the ground were most consistent with the bear having killed the caribou. During
this time of year, large groups of caribou including the calves of the year gather on the coast and in the
tidewater to escape insects. Large numbers of polar bears are frequent in the area during the same time
period (Fig. 2).

Collared lemming (Dicrostonyx richardsoni)
During extended periods of goose foraging observations from a tower near the high tide line on the
east coast of La Pérouse Bay in July of 1985 and 1986, Lauraine Newell and Robert Rockwell observed
several large male polar bears moving inland past the tower and sniffing at the bases of the 1-2 meter
willows that formed the interior extent of the Lesser Snow Goose nesting habitat. Periodically, they would
grasp the bases of a willow bushes in their mouths and yank them from the ground, often shaking them.
They then appeared to chase something and crush it. After a flurry of such activity at a bush they would
sit and eat. Closer inspection with a high-powered spotting scope during the “eating” phase revealed they
were consuming what appeared to be lemmings. Inspection of the sites after the bears left revealed the
smashed carcasses of several collared lemmings. It is possible other species were consumed but the
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collared lemmings were the only remains found. Similarly, Pederson (1966) describes polar bears
capturing the “quick-moving lemmings by turning over the stones under which they were hiding.” Miller
and Woolridge (1983) describe an adult female accompanied by a cub in western Hudson Bay pouncing
on and killing a meadow vole (Microtus pennsylvanicus) with its forepaws after sniffing it under snow.

Ringed Seals
At 1220 hours on 1 August 2008, RFR was watching a single polar bear chasing after flightless
American black ducks (Anas rubripes) that were foraging in shallow (<0.5m) tidewater near a gravel spit
on the east side of Bird Cove, located approximately 25 km east of Churchill, Manitoba. The bear shifted
its attention to what turned out to be a ringed seal swimming near the spit about 100 meters from the
bear. The bear moved towards the seal that, in turn, tried to get to open, deeper water of the outgoing
tide. The bear cut the seal off and in about 5 minutes of maneuvering managed to keep the seal between
itself and close the distance between them to about 10 meters. The bear began stalking closer and finally
rushed and grabbed the seal by the head. It dragged the seal onto the spit and slapped the carcass to
the ground several times while still holding it by the head. The bear then sat and consumed much of the
seal. Unlike the deeper water seal capture reported by Furnell and Oolooyuk (1980), this polar bear took
advantage of shallow water produced by an outgoing tide.
During late July to mid-August of 2008, Merv Walkoski (a 50+ year resident of Churchill) was using a
heavy loader to place large boulders and riprap in breaches in the weir across the Churchill River 10 km
upstream from Churchill, Manitoba. The breaches are caused by ice movements in the spring and the
water flowing through them forms deep pools immediately downstream. Ringed seals have been
observed gathering at these pools, grabbing fish that come through the breaches and catching fish that
gather in the deeper water. The seals bask in the sun on nearby boulders. Around the first of August, a
large polar bear moved into the area and would sit on the boulders or lie in the shallower water during the
heat of the day. The seals appeared either to not notice the bear at such times or ignored it. On at least
5 occasions, the polar bear rushed the basking seals, grabbed one of them by the head, dragged it higher
onto the weir and consumed much of it.
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On 14 August 2010, Robert Rockwell and LJG observed a polar bear eating a seal on a gravel spit
near the Seal River. The kill was fresh and the bear had blood on its fur. The bear had consumed the
skin and subcutaneous fat. Although this prevented certain identification, ringed seals are common in this
area, often basking on gravel spits and feeding on fish at the mouth of the river (see Fig. 4 in Chapter 2).

Bearded seal
Flying south from Cape Churchill at approximately 1000 hours on 18 July 2001 in a Bell 206 Jet
Ranger helicopter, Jody McRae and Robert Rockwell spotted three polar bears on a sand and gravel bar
south of the northern-most channel of the White Whale River. Closer inspection (hovering above the area
at 50-100 feet) showed the bears were feeding on the reasonably intact carcass of a recently killed
bearded seal. The carcass was approximately 5 meters inland from the coast and the surrounding gravel
was stained with bright red blood, indicating the carcass had not been there that long. Only a few strips
of skin had been pulled off the exposed ventral surface. The abdominal cavity had not been breached.
Two of the polar bears had fresh (bright red) blood stains around their muzzles and one also had a fresh
blood stain high on its chest. When the biologists returned to the site at approximately 1700 hours, the
abdominal and chest cavities had been opened and it appeared that most of the internal organs had been
consumed. Portions of the intestines were scattered about the site and large portions of dorsal surface
had been ripped off. All three bears were resting in lyme grass (Leymus arenarius) day beds nearby and
the faces of all three were stained dark red.

Beluga whales (Delphinapterus leucas)
On 4 August 2000, Jody McRae and Robert Rockwell observed two polar bears swimming in the
Churchill River approximately 0.5 km south of the landing for Prince of Wales Fort. They were flying
above the river in a Bell Jet Ranger helicopter at approximately 100-150 feet and remained in the area in
hovers and slow turns for about 20 minutes. During that time the bears singly and jointly pursued both
adult and calf beluga whales. On several occasions one or both of the bears would float with the
outgoing tide and as a whale approached the bear(s) would rush it. On other occasions, one or both of
the bears would rush laterally at a whale swimming past them. There were also instances of the bears
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swimming after retreating (fleeing?) whales. They did not see any contact made with the whales. The
two polar bears rested near each other on the shore and were seen pursuing beluga whales in the same
fashion for at least 3 more days. M. Macri (pers. comm.) also observed polar bears floating in the
Churchill River, attempting to ambush beluga whales. The pursuits they observed were similar to those
reported by Smith (1985) in the Cunningham Inlet area of the Northwest Territories except these occurred
in deeper water.

Capelin (Mallotus villosus)
Periodically, large numbers of capelin are found in schools in the near-shore waters all along the
coast from Churchill to Cape Churchill and south. On several occasions in mid to late July, researchers
have observed polar bears actively feeding on the fish. The bears waded into shallow rocky areas while
the water was receding immediately after high tide and consumed mouthfuls of the fish that appeared
trapped in shallow impoundments among the rocks. The behavior was observed near Watson’s Point,
Point Pakulak and in the shoals east of the Canadian Wildlife Service tower at Cape Churchill. Dyck and
Romberg (2007) observed one subadult male polar bear successfully catching and eating multiple Arctic
char (Salvelinus alpinus) and Fourhorn sculpin (Myoxocephalus quadricornis).

Lyme grass seed heads
Adult male polar bears were observed foraging on the ripening seed heads of lyme grass that grows
on the beach ridges adjacent to Hudson Bay on the east coast of Wapusk National Park south of the
White Whale River. Individuals would walk into a stand of the grass, stop and remove the seed heads
with an action from the side of their mouth that appeared to use their molars and premolars. Inspection of
the plants after the bear left the stand of grass revealed stems chewed below where the seed head would
have been. In the vicinity of these chewed stems, regurgitated stems were sometimes found. The length
of foraging varied but one individual was observed foraging in this fashion for more the 15 minutes.
Inspection of coastal stands of lyme grass in late July and early August often reveals plants that have
been foraged this way. Many have noted frequent consumption of grasses from examining the stomach
contents of harvested bears, scat remains and direct observations (e.g., Doutt 1967; Koettlitz 1898;
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Pederson 1966; Russell 1975) but fewer have noted the specific consumption seed heads (Lunn and
Stirling 1985).

Discussion
It is clear that some polar bears possess a high degree of flexibility in their foraging behavior, allowing
them to opportunistically exploit available food and apply novel hunting tactics. Land-based foods, seal
and beluga whale were found in multiple polar bear scats collected on land during the ice-free season
(Gormezano and Rockwell 2013a, L.J. Gormezano unpublished data), suggesting that the observed
predations were likely not isolated events. Because these observations are similar to land-based polar
bear foraging accounts reported much earlier in the natural history literature (e.g., eggs, ungulates;
Pedersen 1966, Harrington 1965), it is unlikely that the sole cause for their consumption is climaterelated.
Polar bears are believed to be inefficient at locomotion (Øritsland et al. 1976, Hurst et al. 1982a, but
see Chapter 5) and are thought to be vulnerable to hyperthermia during a long pursuit (Best 1982). Most
pursuits described here involve a short burst of running of less than a minute (e.g., geese, caribou) but
some pursuits of caribou lasted for several minutes. Polar bears engaging in longer pursuits could be in
the process of learning (Pavlic and Passino 2011) or deliberately attempting to tire and separate out
vulnerable prey, a technique commonly used by grizzly bears (e.g., Gunther and Renkin 1990) and
wolves (Mech 1970). Further, many pursuits of land-based food occurred in water (e.g., geese) or polar
bears sought it afterwards either to clean or cool off (Fig. 1; e.g., Iles et al. 2013). With the abundance of
cool ponds, lakes and rivers across the landscape, it is unlikely that sustained hyperthermia would persist
as a result of the observed pursuits despite relatively high ambient temperatures.
The stalking and ambushing behaviors described here to capture animals from land or water are
similar to those used by polar bears to catch seals and other marine mammals on the ice. For example,
waiting in a hide for a herd of caribou or goose family to pass on land is similar to still-hunting and the
stalking behavior observed to capture female geese and ptarmigan is not unlike that described by Stirling
(1974) of polar bears stalking seals hauled out on the ice. Aside from the burst of speed required for the
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attack, relatively little energy would be expended with each surprise technique (as compared with a
chase) whether applied on the ice or on land pursuing terrestrial prey.
Polar bears are naturally camouflaged on the ice and submerge in sea water during an “aquatic stalk”
(Stirling 1974). On land, polar bears have made similar use of landscape features to mask their
approaches, hiding behind vegetation (mainly willow shrubs), beach ridges and submerging themselves
in lakes and ponds. Some polar bears have apparently learned to capture marine prey in open water,
including seals (Furnell and Oolooyuk 1980), whales (Smith 1985; Smith and Sjare 1990) and fish (Dyck
and Romberg 2007). Similarly, in western Hudson Bay, bears have extended these techniques to
schools of trapped capelin, beluga whales and flightless waterfowl, which, once chased into water, are
likely at a disadvantage to pursuing bears (Iles et al. 2013).
It is clear that some polar bears have learned to adapt familiar hunting tactics to capture novel
species. In observations of such behavior, many have noted repeated successful captures by individuals
with the new technique (e.g., Dyck and Romberg 2007, Furnell and Oolooyuk 1980, Iles et al. 2013),
suggesting some degree of specialization. Many also observed only a few individuals (relative to the total
population) appear to engage in such behavior, despite the well-known ability of polar bears to learn both
from their mothers and each other (Stirling 1974, Lunn and Stirling 1985, Stirling 2011), prompting the
question of why such behaviors are not more widespread. One reason may be that polar bears develop
local niche specializations in response to intraspecific competition or low seal abundance or accessibility
(Svanbäck and Bolnick 2005, 2007). For example, smaller or less experienced bears are often displaced
from prime seal hunting spots by larger adult males (e.g., Derocher et al. 2004) and females with cubs
risk infanticide during such interactions or while defending a kill (Stirling 1974, Stirling 2011). Learning to
procure an alternate resource may prove beneficial to these bears in the long-term (e.g., Ben-David et al.
2004).
Polar bears may seek alternate food opportunistically (Gormezano and Rockwell 2013b) or different
size and age classes may select food depending on inherent constraints, such as body size or
experience. For example, smaller bears are able to run faster than larger ones (Stirling and Derocher
1990), so a short sprint after a flightless bird may result in more successes and provide a larger energetic
return (relative to body size) for females with cubs or subadults. Derocher and Stirling (1990) predicted
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when hunting caribou, smaller bears (i.e., females with cubs and subadults) would engage in a longer
chase, whereas adult males would obtain a kill from a short rush from ambush or stalking. Most
observations of polar bears hunting birds and caribou reported here were of family groups and subadults,
which may be because they occur more often or predation activity involving a chase may be easier to
observe than a rapid ambush.
Edwards et al. (2011a) found that individual diet specialization occurs in grizzly bears and varies both
between and among sexes with regard to trophic level. They concluded that such changes were,
however, more likely related to differences in prey availability and foraging ability among bears rather
than sexual dimorphism or body size related limitations on securing and handling prey (Edwards et al.
2011a). Similar findings of individualized diet specialization based on habitat heterogeneity and
territoriality occur in arctic foxes (Vulpes lagopus; Angerbjorn et al. 1994; Tarroux et al. 2012), wolves
(Canis lupus; Urton and Hobson 2005) and American pine martens (Martes americana; Ben-David et al.
1997).
Understanding the degree of individual specializations within and across individuals, especially
among demographically important individuals (reproductive females; Durrell 2000, Bolnick et al. 2003) is
important for accurately calculating vital rates and predicting future survival. Properly accounting for
intraspecific variation in foraging behavior increases the complexity of population dynamics so that model
predictions of future survival calculated purely as a function of the availability of a single prey (e.g.,
Molnár et al. 2010) may be oversimplified and yield underestimates (Chevin et al. 2010). Also, how diet
specializations evolve may have implications for future expansion to other individuals in the population
(Bolnick et al. 2003) and whether they could potentially ameliorate climate-related stresses (Laidre et al.
2008; see below).
Grizzly bears share a genetic heritage with polar bears (Kurtén 1964, Hailer et al. 2012, Cahill et al.
2013) and use similar hunting tactics to obtain many of the same foods consumed by polar bears. For
example, grizzlies use ambush, stalking and chasing techniques to capture caribou and other ungulates
(Gunn and Miller 1982, Gunther and Renkin 1990, French and French 1990) and are known to forage on
waterfowl eggs and young (Campbell 1990, Johnson and Noel 2005, Edwards et al. 2011a). They are
more often found fishing in faster moving, but shallower rivers and streams, but the techniques they use
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to capture salmon and cutthroat trout (i.e., standing, running and plunging; Luque and Stokes 1976,
Matson and Reinhart 1995), for example, do not differ much from those observed by polar bears to
capture Arctic char and Fourhorn Sculpin (i.e., “snorkeling” and diving; Dyck and Romberg 2007).
Like polar bears, they too sniff out and capture small mammals (Mealey 1980) and consume grasses,
berries and other vegetation as part of a mixed diet (Mealey 1980, Servheen 1983; Edwards et al.
2011a). Observations of cooperative hunting involving a female polar bear and her cubs while
ambushing geese are described above and similar such cooperation has been observed among family
groups pursuing caribou (R.F. Rockwell pers. comm.). Mated pairs and family groups of grizzlies have
been observed hunting elk in a similar fashion (Cole 1972, Gunther and Renkin 1990), however, the
behavior is rare and may be limited by factors related to social structure and body size (McDonald 1983,
Derocher and Stirling 1990).
As a generalist omnivore, grizzly bears possess the flexibility to shift their diet to exploit new foods as
they become seasonally available (Mealey 1980, Persson et al. 2001), or in response to local prey and
vegetation abundance (Hilderbrand et al. 1999), competition (Gende and Quinn 2004) and environmental
change (Rodriguez et al. 2007). Polar bears display a similar flexibility with respect to foraging by
apparently learning and redirecting hunting tactics to novel prey (e.g., Stirling 2011). The evolutionary
pathways by which this flexibility arose in polar bears may affect how widely it spreads in the population.
If phenotypic plasticity associated with foraging per se (as opposed to specific foraging traits) is a
character evolutionarily shared with grizzly bears, then over time diversity in foraging patterns should
increase in polar bears, especially in the face of climate change and extended time on land (Gotthard and
Nylin 1995, Nussey et al. 2007, Hendry et al. 2008). The rate at which such general foraging plasticity
spreads in the population will depend on the range and variation in environmental conditions (Geinapp et
al. 2008, Hendry et al. 2008) and subsequent nutritional stresses that polar bears experience. It is
unclear, however, if the propagation of general plasticity in foraging behavior could keep pace with the
rapidly decreasing access to seals on ice predicted by earlier breakup.
Alternatively, if the ancestral foraging traits shared by grizzly and polar bears were themselves
individually phenotypically plastic, then the spread of general plasticity per se would not be required for
expression of the full range of foraging behaviors seen in modern-day grizzly bears (Dobzhansky 1970,
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Janzen 1985, Gotthard and Nylin 1995, Agosta and Klemens 2008). Polar bears would be expected to
pursue novel foods opportunistically and the prevalence of different behaviors should depend on the
strategy that best optimized fitness (Agosta and Klemens 2008). For example, consuming seals may
have been the optimal strategy for most polar bears. Current seal hunting would have developed from
the skill set of ancestral grizzly bears and those within the population that possessed the skills to hunt
seals would have comprised a “robust” genotype that would have had a higher chance of succeeding in
an ice-dominant environment (Agosta and Klemens 2008).
Given that grizzly bears in the Canadian Arctic are known to individually specialize on different prey
and forage combinations, the occurrence of such “robust” genotypes associated with the speciation event
is plausible (Edwards et al. 2011a). Further, some grizzly bears are capable of occupying typical polar
bear niches and have been observed hunting seals and competing with polar bears on the ice (Struzik
2003, Doupé et al. 2007). In this scenario, polar bears would have possessed phenotypically plastic
foraging traits prior to their expansion to their current (novel) habitat and such traits would have served as
“fodder” for adaptive evolution that likely followed (Stirling 2011, Agosta and Klemens 2008).
Ensuing directional selection (Agosta and Klemens 2008) would have facilitated development of
physical features to enhance fitness associated with the foraging, such as white fur for camouflage, thick
body fat deposits for insulation and buoyancy, larger body size to conserve heat, shorter claws for traction
on sea ice and large, paddled forelimbs for more efficient swimming (Øritsland 1970, Harington 2008,
Stirling 2011). Ironically, under climate change, these adaptations may be constraining the utility and
efficiency of some inherited plastic foraging behaviors shared with grizzly bears (Ghalambor et al. 2007).
For example, the evolved larger body size and forelimb adaptations can impede locomotion on land,
making longer pursuits after prey more energetically costly (Øritsland et al. 1976, Hurst et al. 1982a).
Just as seal hunting in ancestral grizzly bears may have facilitated the widespread exploitation of that
resource in modern day polar bears, traits related to other foraging behaviors, such as hunting caribou,
could also reflect a shared genetic heritage. Grizzly bears are known to opportunistically hunt all types of
ungulates (e.g., muskox, elk) across their range with both surprise tactics and chasing (see above; Gunn
and Miller 1982, Gunther and Renkin 1990). If phenotypically plastic traits were part of the shared
genetic heritage of grizzly and polar bears, the founding “robust” genotypes that colonized the Arctic
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habitat would have already possessed the ability to hunt ungulates. The recent observations of polar
bears hunting caribou would merely be expressions of this trait and based on the pervasive diet mixing in
grizzly and polar bears (Edwards et al. 2011a; Gormezano and Rockwell 2013b), this trait would likely be
one of many, allowing each polar bear to exploit multiple alternative resources (i.e., other than seals).
The plasticity in polar bear foraging stemming from either evolutionary pathway described would
equip polar bears with the behavioral tools to pursue alternative foods without having to evolve new
foraging tactics de novo. Recent physical adaptations that likely facilitated polar bears’ successful
expansion on the ice may impair full implementation of ancestral foraging strategies for all polar bear sex
and age classes (e.g., Ghalambor et al. 2007). Increased gene flow from the shared ancestral gene pool,
however, would cause evolutionary stasis and mollify phenotypic attributes that are no longer adaptive
(Janzen 1985, Agosta and Klemens 2008). Historical hybridization events with grizzlies at various points
since the two species diverged, coincident with previous warming periods (Hailer et al. 2012, Miller et al.
2012, Edwards et al. 2011b), suggests that such gene flow may have been beneficial for their persistence
through these periods. With warming temperatures, grizzly bears are currently expanding their historical
range further into polar bear habitat (Doupé et al. 2007, Rockwell et al. 2008), increasing opportunities for
hybridization, suggesting that past phenomena may be repeating.
The detailed observations of polar bears successfully procuring land-based prey using familiar seal
hunting tactics suggest that some bears exhibit flexibility to learn new or redirect previously learned
foraging behaviors. As observed with grizzly bears (Edwards et al. 2011a), repeated successes suggest
that some polar bears may specialize on catching specific alternative prey (e.g., geese, fish; Iles et al.
2013, Dyck and Romberg 2007). Not accounting for diet specializations among individuals can lead to
underpredictions of survival in population models in which energy input is dependent on the availability of
a single prey species or time period (Bolnick et al. 2003). The manifestation of these specializations
suggests phenotypic plasticity in polar bear foraging behavior would obviate the need to evolve new
foraging tactics. As such, polar bears would be able to react to changing environmental conditions more
rapidly than previously predicted (e.g., Stirling and Derocher 2012). Although recent physical adaptations
may limit access to some resources by certain polar bear sex and age classes, the observations
presented here suggest that the high level of behavioral plasticity may, in part, compensate for these
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handicaps so that land-based resources could alleviate energetic deficits for some individuals as spring
seal hunting opportunities become increasingly limited.
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Figure 1. A subadult male submerged in the Mast River (La Pérouse Bay) after killing at least 5 Lesser
Snow Geese in 3 chases. After the predation events the bear walked into the river, lay down and drank
periodically. Photograph taken on 13 July 2013 by Robert Rockwell.
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Figure 2. Caribou herds, including male and female adults, yearlings and juveniles often walk in the tidal
zone immediately adjacent to the stands of Lyme grass on the coastal beach ridge where adult male
polar bears, in particular, often rest in day beds. Photograph taken on 10 August 2009 near Thompson
Point by Robert Rockwell.
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Polar bears in western Hudson Bay display a high degree of flexibility in their foraging behavior. They
utilize three common strategies, prey switching, diet mixing and omnivory, often used by predators in a
labile environments to exploit available food (e.g., Eide et al. 2005, Granadeiro et al. 1998). For example,
some polar bears switch between available prey annually (i.e., from marine to terrestrial food) when they
are forced ashore to lead a terrestrial existence after the sea ice melts completely each spring. On a
longer time scale, polar bears have switched between seal species on the ice as ringed seals became
more abundant than bearded seals (Thiemann et al. 2008). Similarly, on land polar bears
opportunistically increased consumption of snow geese and introduced eggs and caribou into their diet on
land over a 40 year span as the availability of snow geese and caribou increased across the landscape.
More recently, polar bears have been exploiting eggs in western Hudson Bay and across the Arctic as
earlier sea ice dissolution and thus polar bear arrival on land increasingly overlaps the incubation periods
of migratory waterfowl (e.g., Rockwell and Gormezano 2009).
Results from scat analysis suggest that individual polar bears consume a variety of foods in random
combinations during the ice-free season, including both plants and animals together (34.4% of scats;
Gormezano and Rockwell 2013b). Individual scats were deposited (and the foods were likely consumed)
where and when the foods they contained were most abundant across the landscape (Gormezano and
Rockwell 2013b). Although polar bears are known to be opportunistic both on the ice and land (e.g.,
Stirling and Derocher 2012), reporting the limits of such behavior (or lack thereof) has implications for
how polar bears may react as seals become more difficult to access.
The energetic value of land-based food, such as lesser snow geese, their eggs and caribou, is
substantial. The realized gain from each food, however, will depend on the method used to procure it.
With costs limited to a slow walk, consuming eggs and perhaps some vegetation could be highly
profitable, whereas the energetic gain from consuming caribou and geese would depend on whether a
sustained chase or energy-conserving surprise tactics commonly used to hunt seals, such as ambushing
or stalking, are employed.
Assuming conditions under which some degree of hunting proficiency is acquired and energyconserving tactics are employed (e.g., Derocher et al. 2000, Iles et al. 2013) consuming caribou or eggs
alone, or in combination with geese, berries and lyme grass seed heads, would prevent starvation in adult
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male polar bears coming ashore in the worst condition if the ice-free season expands to 180 days (as
projected by Molnár et al. 2010). To eliminate energy deficits consuming caribou, for example, starving
male polar bears would have to consume them at similar rates to those reported for seals on the ice (1
caribou every 8.7-31.1 days depending on the sex/age class of the caribou). Compensation for these
same starving bears would require consuming up to 26 clutches of eggs per day, a rate that is well within
the maximum daily egg intake rates observed across the Arctic. Consuming enough berries to
compensate polar bears coming ashore in the worst condition would require a minimum of 11.7 hours of
travel at high intake rates. Vegetation and geese would be more valuable in a combined diet, where
intake and capture rates needed (in the hypothetical scenarios provided) have been corroborated by field
observations.
If polar bears engage in a sustained chase to capture animal prey the energetic return is less certain.
Information on the energetic costs of polar bear movement is incomplete, particularly for polar bears
larger than 235 kg. Lunn and Stirling’s (1985) specific assertion that a 320 kg bear chasing a goose at 20
km/h for more than 12 seconds would use more energy in the pursuit than it would gain from eating it was
generated using a model specified for smaller bears and, therefore, cannot be supported. Based on my
new model developed from all available data, the slope of the oxygen consumption to velocity relationship
decreases with increasing mass, suggesting that the energetic costs for such a large bear would be
considerably less than that predicted by Lunn and Stirling (1985).
Further, the oxygen consumption to velocity relationship changes nonlinearly with mass, so that
locomotive efficiency may change considerably depending on body mass or ontogenetic stage. Field and
laboratory studies illustrate the polar bears’ ability to travel long distances at moderate speeds (up to 10
km/h) when engaging in such behavior of their own free volition (Best 1982, Amstrup et al. 2000),
suggesting that high costs reported by oxygen consumption studies (Øritsland et al. 1976, Hurst et al.
1982) may be limited to smaller bears. Alternatively, oxygen consumption readings may have been
complicated by the effects of stress associated with laboratory conditions (e.g., Chappell et al. 2007)
similar to how stress after capture may have altered the metabolic pathways of energy utilization recorded
in breath-based carbon isotope results.
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Polar bears appear to have redirected common seal hunting techniques used on the ice, stalking and
ambushing, to capture land-based prey. They appear to use landscape features, such as shrubs, coastal
beach ridges and ponds, to mask their approaches during stalking and ambushing geese and caribou
similarly to the way ice, snow and water are used while hunting seals in the marine environment (Stirling
1974). On the Cape Churchill Peninsula, the pervasive lakes, ponds and rivers are also used as a means
to drink and apparently cool themselves after repeatedly pursuing geese, a behavior that could serve to
prevent sustained hyperthermia after chases.
The redirecting of known skills obviates the need to learn new ones and illustrates a high level of
phenotypic plasticity in hunting behavior that is similarly evident in the modern day grizzly bear. Like
grizzlies, some individuals appear to specialize on alternate prey, which could yield differential fitness
among demographic groups. Such specializations can alleviate competition over seals, but also
complicate survival projections that operate solely as a function of sea ice or seal availability, leading to
underestimates.
Historical observations of land-based hunting by polar bears predates recent climate-induced
environmental changes (Stirling and Derocher 2012), therefore, it is unlikely that such behaviors evolved
just in response to limited seal access. Rather, the current behaviors more likely reflect phenotypic
plasticity shared with ancestral grizzly bears that initially facilitated polar bear expansion to the ice
environment. Whether phenotypically plastic foraging traits or plasticity per se (itself as a heritable trait)
associated with foraging is responsible for the current behavior may have slightly different implications for
the speed at which the behavior can spread in the population. However, either evolutionary pathway
would facilitate the adaptability (sensu Dobzhansky 1970) of polar bears to different environmental
conditions more rapidly than selection alone. Once brown bears occupied the ice-habitat, physical
adaptations (e.g., large body size, heavy forelimbs) emerged to facilitate a pagophilic existence and
exploitation of marine prey (e.g., Øritsland et al. 1970, Stirling 2011) but these same adaptations may be
restraining expression of the full range of inherited foraging behaviors. For at least some individuals,
behavioral plasticity may allow redirection of energy-conserving techniques towards the successful
capture of land-based prey and thus to compensate for physical restrictions from recent adaptations.
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Evidence from diet analyses, energetic assessments and behavioral observations presented in this
dissertation suggests that land-based foraging could be an important means to obtain supplemental
energy to compensate for deficits from lost seal-hunting opportunities in spring. Although many polar
bears may not currently be utilizing land-based resources, data from studies that have specifically argued
that such foraging is inconsequential may have been incorrectly interpreted. For example, marine
signatures in breath-based stable carbon-isotope readings have been used to assert that polar bears only
used fat from hunting seals for energy on land (Hobson et al. 2009). This may be incorrect since foods
consumed on land, such as marine algae and geese, can also share a marine signature indistinguishable
from ringed seal (McMillan et al. 1980, Hobson et al. 2011). Also, stress after capture, required for those
assessments, can alter metabolic pathways to increase fat burning and potentially bias inferences. If so
land-based foods, and carbohydrates in particular, may be playing a larger role in currently supporting
polar bears on land than previously thought.
Obviously, further studies are needed to more accurately assess how different macronutrients are
utilized while on land. In addition, oxygen consumption studies need to be performed on polar bears of all
sizes and within the environmental conditions that they will actually experience while hunting on land, so
that net energetic gains from procuring foods can be accurately assessed. Lastly, systematic behavioral
observations are needed to understand how individual bears are using the available resources and how
that changes over time, especially in response to any increased nutritional stress.
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